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Abstract 
This thesis is concerned with quantum well semiconductor lasers that operated 
at optical communication wavelengths around 1550nm. It concentrates on 
lasers that are made from the latticed matched InGaAsllnAlGaAs material 
which have less temperature dependence of their threshold current in 
comparison to the established phosphorous quaternary semiconductor material. 
In particular, multiple width quantum wells (which is also referred to as 
asymmetric wells) are employed in the active region to broaden the gain 
spectrum. A conventional identical width quantum well structure is also 
employed in order to assess the advantages of including multiple width wells in 
the active region. The comparison between the multiple and identical well 
structures included carrying out spectral TE and TM gain and internal optical 
loss measurements. 
Spectral absorption measurements are also presented for both multiple and 
identical width quantum well devices. This was carried out in order to study the 
quantum well band edge shift with increasing reverse biased electric field 
applied perpendicular to the quantum well layers, a process commonly known 
as quantum confined Stark effect. 
First colliding pulse mode-locked operation in lasers made from the multiple 
width quantum well material is also demonstrated. The electric field auto-
correlation experiment has been carried out, using both the multiple and 
identical width quantum well lasers, in order to investigate the influence of the 
gain broadened material on the pulse width obtained from the mode-locked 
operation. 
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Chapter 1 
Introduction 
1.1 Introduction 
For long wavelength quantum well (QW) semiconductor lasers, operating at 
around 1550nm, InP based latticed matched III-V semiconductors draw 
considerable interest because of their usage in low-loss optical fibre 
communications [1]. In this wavelength region, much of the research and 
development effort has been concentrated on InGaAsP based laser technology, 
which has been extensively studied and is well established. 
The purpose of this work was to carry out an investigation of broad gain 
spectrum lasers in InGaAs/InAlGaAs material system, where InAlGaAs 
material has been under active research as an alternative to the conventional 
phosphorus quaternary lasers for telecommunication purposes because of 
advantages like higher temperature performance and larger conduction band 
discontinuity in comparison to phosphorus quaternary lasers [2,3]. The work 
presented in this thesis was concerned with broadening the gain spectrum of 
multi quantum well (MQW) lasers by including multiple width quantum well 
(MWQW) in the active region and studying the advantages obtained 
experimentally over conventional identical width quantum well (IWQW) 
lasers. At present, significant developments in ultra-fast (>1 THz) mode-locked 
lasers [4] and broadly tunable lasers have increased the demands for research 
into development of the wide gain bandwidth lasers and studying the mat~rial 
parameters like gain and optical losses may provide an intuitive understanding 
on the efficient ways of obtaining a broad gain spectrum laser. 
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This chapter is divided into the following sections: section 1.2 presents a brief 
review of applications relating to the broad spectrum lasers, this is followed by 
aims and objectives targeted by this project and the layout of the rest of this 
thesis is described in section 1.4 and finally the references are included in 
section 1.5. 
1.2 Applications of broad gain spectrum lasers 
1.2.1 Mode-locked semiconductor lasers 
Since the pulse width is. inversely proportional to the gain bandwidth [5], 
MWQW lasers may also be exploited for high-speed lasers like mode-locked 
lasers, where the requirement of broad gain spectrum becomes crucial for a 
high repetition rate as well as obtaining a narrow pulse width. A basic model 
of a gain spectrum is obtained by using the following expression [6]: 
(1.1) 
in which h is the Planck constant, e is electronic charge (1.6 x 10-19 C) , n is 
the refractive index, mo is the electron effective mass, Ie. and Iv are the Fermi-
Dirac distribution of electrons in the conduction and holes in the valence band 
respectively, M is the interband matrix element, P r (E) is the reduced density 
of states between the valence and conduction bands, c is the speed of light, E is 
the optical transition energy. From equation 1.1, the gain g, is proportional to 
the Fermi-Dirac distribution function. The increase in current injection leads to 
the penetration of quasi-Fermi levels of electrons and holes into the conduction 
and valence bands, respectively, which results in increase in the output gain 
[6]. The gain increases with current injection until the threshold condition has 
been reached for the laser diode, where above threshold the gain is clamped 
because of increase in radiative interband transition rate. 
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1.2.2 Tunable diode lasers 
It is only within the last decade since tunable lasers were first commercially 
available. Ideal attributes for a tunable semiconductor laser would be minimal 
threshold current, high output power and narrow spectral line widths over a 
broad tunability range (>50nm). In tunable diode lasers, adding an external 
optical cavity force the diode to operate in a single longitudinal mode, by 
creating a wavelength dependence loss within the laser cavity. 
MWQW lasers have been employed in the past, in external cavity 
configuration, to obtain broadly tunable lasers. B-L. Lee et al. [7] obtained 
tunability of 90nm (between 766-856nm wavelength), using a 400llm long 
MWQW laser diode, in GaAsl AlGaAs system. They observed an increase in 
spectral tunability with a decrease in the cavity length of the MWQW diode. It 
was found that the tunability offered by a lOOOllm long MWQW device was 
48nm in comparison to the 90nm offered by a 400llm device. However, the 
tunability offered by the ! OOOllm MWQW device was still more than that for a 
conventional GaAs/ AlGaAs laser [7]. 
1.2.3 Carrier distribution in the active region 
Studying the distribution of carriers across the active region of a MQW 
structure has become an intense topic of research in recent years, where 
MWQW lasers, in comparison to IWQW lasers, are considered a useful tool for 
studying carrier distribution [8]. 
1.3 Aims and objectives 
The following objectives were targeted for this research: 
• Design a new wafer structure in InGaAslInAlGaAs material system, which 
in comparison to conventional IWQW structure, provided a broader gain 
spectrum. 
3 
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• Compare IWQW and MWQW material, In InGaAslInAlGaAs material 
system. 
• Achieve successful mode-locked operation by fabricating the MWQW 
devices, and investigate the pulse width obtained for the MWQW device in 
comparison to the IWQW device. 
With these goals in mind, the means of broadening the gain spectrum was 
studied in MQW structures, where it was found that inclusion of MWQW in 
the active region can provide a broader gain spectrum in comparison to IWQW 
structures [9]. These findings were applied by having three MWQW wafers 
grown, all with different QWs layout in the active region. The wafer structures 
were then characterised by fabricating broad area lasers from all four-wafer 
structures. These preliminary tests were performed to assess the quality of the 
wafer structures before fabrication of complicated multi-section devices for 
gain measurements as well as colliding pulse mode-locked (CPM) ridge 
waveguide lasers. To achieve a qualitative comparison between IWQW and 
MWQW material, spectral gain, optical loss and absorption measurements 
were carried out in both IWQW and MWQW material by fabricating muIti-
section devices. Finally, passive mode-locked characterisation was carried out 
using the electric field autocorrelation technique. 
1.4 Layout of the thesis 
This thesis is divided into seven chapters, and the layout is as follows: 
Chapter 2 presents a review of broad-spectrum semiconductor lasers. The 
chapter describes various means of broadening the gain spectrum, and reviews 
distribution of carriers across the active region of a MQW structure. 
Chapter 3 gives a detailed description of the four-latticed matched 
InGaAsIInAlGaAs wafer structures .designed for this project. They included 
4 
Chapter 1 
one conventional IWQW structure and three MWQW wafer structures. All 
wafers grown were based on InP based substrate. 
Chapter 4 provides a detailed investigation of broadening of the gain spectra by 
carrying out spectral gain measurements in all four wafer structures. The multi-
section gain measurement technique, employed to carry out spectral gain 
measurements is also described along with the experimental set-up. To validate 
the multi-section device technique used in obtaining spectral gain 
measurements, the IWQW spectral gain measurements are compared with a 
theoretical gain model. 
Chapter 5 is dedicated to the analysis of internal optical losses and spectral 
absorption measurements in both IWQW and MWQW materials. 
Chapter 6 presents CPM operation comparison for both IWQW and MWQW 
CPM devices. 
Finally, chapter 7 presents the conclusion of the work and constitutes all the 
results obtained in previous chapters. This also includes a discussion on the 
future directions for this work. 
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Chapter 2 
Broad spectrum quantum well semiconductor lasers 
2.1 Introduction 
Recent technological developments have made low loss «O.SdBIkm) optical 
fibres exhibit extremely broad bandwidth, covering between 1200 to 1600nm 
[1]. This has brought broadly tunable lasers such as fibre and semiconductor 
lasers into focus, because these are highly suitable for optical communication. 
Erbium-doped fibre lasers can offer tunability in the spectral range of 1525-
1656nm and 1570-161Onm. However, in comparison to semiconductor lasers 
the tunability offered by fibre lasers seems limited. Semiconductor lasers can 
offer much broader tunability simply by tailoring the quantum well width in the 
active region or by using a single quantum well with simultaneous transitions 
of n=1 and n=2 subband states [2,3]. Spectrally broad gain spectrum 
semiconductor'lasers will not only be advantageous for tunable lasers, but may 
also provide leverage for high speed semiconductor mode-locked lasers 
(> 1 THz), where for mode-locked lasers, gain broadening should lead to shorter 
pulse widths and higher repetition rates than previously achieved [4]. 
The purpose of this chapter is to present a review of the literature relating to 
broad gain spectrum devices, which will include details of various techniques 
developed to broaden the gain spectrum. There is also a review of literature on 
non-uniform carrier distribution in the active region which, within the past 
decade, has gained considerable interest as carrier non-uniformity across the 
active region is one of the major causes of poor perfonnance and shorter 
lifetime of a device. 
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2.2 History of broadband lasers 
The history of broadband lasers go back as early as the 1960s, when Sorokin 
and Larkard first observed stimulated emission from an organic dye laser in 
1966, which covered a wide spectral region [5]. However, because of 
drawbacks like the requirement for an expensive pump laser and the 
inconvenience of using and changing the liquid dye, makes them a less 
practical application for a broadband tunable laser. Around the same period, 
the first semiconductor laser in GaAs p-n junction was also developed. 
However, these lasers could operate continuous wave (CW) only at cryogenic 
temperatures (like T=77K), hence were restricted to low temperature operation. 
The development of other tunable light sources such as the Ti sapphire lasers, 
developed in the 1980s, offered a wide spectrum range between 600-1000nm. 
However, the Ti: sapphire laser still requires an expensive pump laser and 
water-cooling to keep it under operation. During the same period, quantum 
well (QW) semiconductor laser diodes were also widely available and their 
inherent nature of multi-mode operation could therefore be exploited by 
tailoring the active region to produce spectrally broad gain bandwidth lasers. 
The advantages of QW semiconductor lasers in comparison to bulk 
semiconductors include higher differential gain, reduced threshold current 
density and high temperature sensitive. Moreover, in comparison to dye and Ti 
Sapphire lasers, although QW lasers have a lower power output, they are more 
compact, cheaper, easily maintained and provide a high stability output signal. 
Thus, they can be considered to provide a convenient source for broadband 
application. 
In the mid 1980s, broad gain spectrum was obtained by using a single quantum 
well (SQW) laser diode, where by pumping the laser to a high energy level 
(n=2) can provide a broad gain laser. However, this technique of obtaining a 
broad gain spectrum was surpassed in 1989 by the first successful operation of 
a multiple width quantum well (MWQW) laser [6]. This was carried out by a 
9 
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group from Canon Research Centre, Japan, where Ikeda et al. obtained 
wavelength switching from 818-831 nm, using two multiple width wells in 
GaAsI AlGaAs material system, under continuous wave operation at SoC. Over 
a period of the next three years, they published four more papers on "M.WQW 
structures [7-10]. And since the commercial availability of tunable laser diodes 
from in 1990s, MWQW lasers started drawing great interest by researchers. At 
present, "M.WQW lasers are not only used in providing broad gain spectrum for 
tunable lasers but are also used for studying the carrier distribution in the active 
region of a multi-quantum well (MQW) laser [11]. 
2.3 Broadening of gain spectrum in QW lasers 
In semiconductor lasers, various mechanisms can be employed to obtain a 
broad gain spectrum. For this project, the focus to obtain a broad gain spectrum 
was on MWQW edge-emitting semiconductor lasers, with application of 
achieving narrow pulse width in comparison to conventional identical width 
quantum well (IWQW) lasers. Following is a literature review of various 
techniques used in obtaining a broad gain spectrum. 
_ 2.3.1 High carrier injection in a conventional laser 
One of the earliest means of obtaining broad gain spectrum is to utilise the 
optical transitions from both n=1 (EI-HH1) and n=2 (E2-HH2) subband states, 
which contributes in obtaining wide optical gain spectrum [2]. In a laser diode, 
cavity losses are intentionally increased in order to make stimulated emission 
possible from the first as well as the second quantized level. The losses in the 
cavity were introduced by increasing the heat sink temperature, decreasing the 
cavity length or by depositing low reflectivity film on the output facet. The 
increased threshold requirements under either of the conditions mentioned 
above leads to population inversion of the higher quantum subbands transitions 
through increased band filling due to current injection. Figure 2.1 shows a 
10 
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diagram of a SQW structure with contribution from both n= 1 and n=2 subband 
states. 
electrons 
P , n 
E2 
EI 
Al A2 
JL 
Distance 
IflII 
~ 
hOles~ 
Figure 2.1: Diagram of a quantum well structure with laser operation from 
both n=1 and n=2 subband states. Variables Al and A2 denotes the emission 
wavelength from n=1 and n=2 subbands respectively, with 1..1>1..2. 
Because of the device nature employing the n= 1 and n=2 subband transitions, 
these devices have also been referred to as dual quantized state (DQS) devices 
[12]. Mittelstein et al. [13] were one of the first groups to report gain 
contribution from both n= 1 and n=2 quantized states, in GaAsI AlGaAs 
material system. At room temperature, they reported that the FWHM of the 
gain spectrum doubled by reducing the cavity length of the device from 
lOOOllm to 500llm. Shortening of the device length increased the total losses of 
the device hence increasing the current density required to overcome the losses. 
Injection of a higher threshold density to achieve laser operation for a 500llm 
device led to the development of a new peak on the high-energy shoulder of the 
gain spectra. 
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Mehuys et al. [14] further studied this technique of gain broadening and 
reported that to achieve a broad-spectrum tuning range, it would be 
advantageous to adjust the cavity length such that gain contribution from the 
n= 1 and n=2 states were nearly equal. Using a 240/lffi long laser diode, they 
successfully managed to achieve tunability of around 105nm making use of 
both n= 1 and n=2 transitions. They discovered that, if the cavity length was 
400llm i.e. longer than 240Ilm, then the n=l subband dominates without any 
significant contribution from the n=2 subband. Moreover, if the cavity length 
was 160Jlm i.e. shorter than 240Jlm, then the n=2 transition dominated the gain 
contribution. Hence, to obtain a wide gain spectrum, it was vital to optimise the 
laser length and/or losses such that gain contribution from both n=1 and n=2 
subbands is equal. 
Another means of obtaining a broad gain spectrum, from both n= 1 and n=2 
transitions, was by increasing the laser operating temperature, which increases 
the threshold condition for the laser operation. The increase in threshold caused 
by an increase in the device temperature may also lead to a shift in the laser-
emitting wavelength. This was reported by Zory et al. [3], where they observed 
a wavelength shift of 50nm by employing a short 150Jlm long GaAs/ AlGaAs 
broad area laser, with increasing the heat sink temperature or decreasing the 
facet reflectivity. They found out that the gain available at the higher energy 
transition (n=2) exceeds that available at the lower energy transition (n=l) 
resulting in a shift in the peak. emission wavelength. This technique may also 
be applied to tunable lasers, where the laser-operating wavelength is 
determined by the heat sink temperature and the drive current. 
Overall, the simultaneous n= 1 and n=2 transitions provide a broad gam 
spectrum. However, increasing the cavity losses by shortening the device 
length and raising the operating temperature reduces the device lifetime as well 
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as decreases the efficiency of these devices in comparison to conventional laser 
diodes [6]. 
2.3.2 Quantum Dot lasers 
In 1982, the concept of the quantum dots (QD) was proposed by Arakawa and 
Sakaki. For efficient laser operation, it is desirable to have a large density of 
states in both electron and holes band close to the band-edge, so that population 
inversion becomes easier. QD lasers offer this possibility, where short 
population time of the ground state ensures a low threshold current, higher 
differential gain and high temperature stability, in comparison to quantum well 
lasers. QD are variable in size and shape, usually with width much greater than 
the height [IS]. A variation in QD size leads to a distribution in the energy 
levels results in obtaining a broad inhomogeneous gain spectrum, where it can 
oscillate in many spectral modes simultaneously. L. F. Lester et al. [16], 
reported laser operation in a QD laser, of "dots-in-a-well" type, over a wide 
spectrum. For long cavity samples. (> IS00J,1m), they achieved operation 
wavelength varying from 1200nm to 1240nm. For short cavity samples 
«lOOOnm), the laser operation varied between IOSO-1150nm. QD laser 
operation over such a broad gain spectrum makes them an attractive source for 
external cavity tunable lasers. 
2.3.3 Quantum well intermixing 
Quantum well intermixing (QWI) is a technique commonly used to modifY the 
quantum well bandgap energy. Unlike MWQW lasers, where the energy gap 
shift is produced by engineering the active region prior to the wafer growth, 
QWI is a technique where the shape and composition of QW is changed, which 
gives rise to a blue-shifted bandgap. QWI technique can be applied for 
producing tunable lasers, where K. J Beernink et al. [17] reported the emission 
wavelength shift using QWI technique, in a dual AlGaAs/GaAs MWQW laser 
structure by removing the wide QW in the active region while leaving the 
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narrow QW intact [17]. Prior to QWI, at 1.5 times the threshold, they obtained 
laser operation wavelength at a wavelength of 824nm. It was found that, after 
successfully removing the wide QW with QWI, for current injection of 1.5 
times above threshold, the laser operation wavelength acquired a blue shift to 
751nm, corresponding to emission from the narrow QW. 
2.3.4 Multiple width quantum wells lasers 
In recent years, there has been considerable interest in broad gain spectrum 
lasers for the development of the broadband tunable lasers [1]. Having multiple 
width quantum wells in an active region of a laser diode offers this possibility. 
This type of laser is referred to as a multiple width quantum well (MWQW) 
laser, where the MWQW laser emits light at different wavelengths, which 
makes MWQW laser devices useful for broad-spectrum applications such as 
tunable lasers. Changing the widths of the quantum well also changes the 
position of the first subband n= 1 of the well, hence the emission from a well in 
the active region would depend on the position of the first subband. An 
example of a MWQW structure is shown below in figure 2.2, where the 
MWQW structure has quantum wells of two different widths, x and y. 
Conduction band 
+-+ 
x y 
JL HR'I I ~HH' 
Distance VaIence band 
Figure 2.2: Schematic of a MWQW structure with two 
different quantum well widths x and y, with EI and lllil 
denoting the subband level n= 1 in the MWQW structure. 
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In addition, in figure 2.2, the wide quantum well, of width x, is near the p-side 
of the active region and, the narrow quantum well, y, is near the n-side. 
Because of higher energy separation between EJ-lllIJ for narrow QW y, in 
comparison to QW x, it operates at a shorter wavelength. Compared to 
conventional IWQW lasers, the MWQW lasers, without any requirement of 
optimising the cavity length and/or losses, offers broader gain spectrum (within 
limits), and depending on the material system employed in the active region, 
for optimised QW s width, barrier height, and barrier width, the laser can be 
designed to emit light in a desired spectral range. MWQW lasers do not 
require pumping higher energy state (n=2) to broaden the gain spectrum in 
comparison to IWQW lasers. However, by pumping MWQW laser to a higher 
energy level can further broaden the spectral range [18, 19]. Furthermore, to 
obtain an equal amount of gain contribution from all MWQW, work in the past 
has shown that length of a MWQW device can be crucial [6]. Applications 
relating to MWQW lasers are presented in Chapter 1, section 1.2. 
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A MWQW structure not only has the advantage of providing broad gain 
spectrum, but it also provides an effective means to experimentally study how 
carriers are distributed across the active region, which has in recent years 
become an intense topic of research [20-28]. In order for a MWQW laser to 
operate at all laser wavelengths corresponding to the varying QW widths in its 
active region, all the QWs must reach the transparency and contribute to the 
gain before the laser can perform effectively. This is only possible with a 
uniform carrier distribution across the active region, so that all the wells can 
contribute to the gain, hence providing a broad gain spectrum. However, 
experimental and theoretical work in the past has shown a strong non-
uniformity of carrier distribution across the active region of a MQW structure, 
where the gain contribution from different wells varies within the same active 
region, resulting in reduction of effectively working wells. This is especially a 
major obstacle for a MWQW laser because if all QWs are not pumped evenly, 
the structure will perform as though fewer QWs are participating. Hence, the 
overall gain spectrum may not be as broad as estimated. The following sections 
(2.4.2-2.4.4) will present a brief literature review on carrier distribution in 
quantum well region as well as means of employing MWQW structures to 
study non-uniformity of carriers across the active region. 
2.4.2 Carrier distribution in MWQW structure 
Holes are commonly regarded as a dominating factor for carrier distribution 
because of their lower mobility in comparison to electrons [22]. For example, 
in loP material, which is commonly used as substrates for long wavelength 
lasers (1550nm), the mobility of electrons is approximately 36 times larger in 
comparison to holes, where mobility of electrons and holes are 5370cm2Ns 
and 150cm2Ns respectively [29]. An analysis of the carrier distribution across 
the active region of a MWQW structure is given in Appendix 1. 
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2.4.3 Internal quantum efficiency 
It is widely accepted that internal quantum efficiency, T/int, is independent of 
laser cavity length, carrier injection, and is commonly estimated using broad 
area lasers, from the change in the light-Current (L-I curve) slope efficiency 
with the laser length. Internal quantum efficiency is defined as the factor of 
injected current, above threshold, that results in stimulated emission of 
photons. Piprek et al. [28] studied the relationship between the carrier 
distribution and the internal quantum efficiency. Using a laser simulation tool, 
PICS3D (by Crosslight Software Inc.), they analysed the carrier losses like the 
Auger recombination, vertical leakage and spontaneous emission, at room 
temperature. Above threshold conditions (with threshold Ith=llOmA), they 
observed an increase in the Auger recombination and spontaneous emission 
near the p-side of the active region in comparison to the n-side. At current 
injection of 180mA, they obtained 11int= 94%, which decrease to 11int= 93% for 
current injection of 323mA. This was explained by non-uniformity of the 
carrier distribution across the active region,· where the Auger recombination 
losses were reported higher within the more populated QWs, near the p-side 
than the n-side of the active region, which consequently reduced the internal 
quantum efficiency. 
Internal quantum efficiency may also be affected by the QW depth, where 1. F. 
Hazel et al. [23] reported an increase in internal quantum efficiency with 
decreasing conduction band discontinuity. For conduction band discontinuity 
of 1. 24eV, they obtained 11int~ 55%, which increased to 11int~ 90% with 
reduction in the barrier height to 1.03eV. The decrease in the 11int here was 
explained by lowering of the energy difference between the cladding layer and 
band-edge of the barrier region, which may lead to an increase in the carrier 
leakage rate from the active to the cladding region. 
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2.4.4 Studying carrier distribution 
In order to have all the multiple width quantum wells in the active region 
contribute equally to the optical gain, the layout of the quantum well sequence 
becomes very influential. MWQW lasers are an effective way to 
experimentally study the uneven distribution of carriers. The non-uniformity of 
the carriers has been reported to be dependent on factors such as barrier 
thickness, height, composition etc. Following is a literature review of various 
means employed to study the distribution of carriers across the active region: 
2.4.4.1 Mirror QW structures 
A simple way to study the carrier distribution is to fabricate two devices with 
identical epi-Iayers structures, except that the order of quantum wells in the 
active region is reversed (see Figure 2.4). A pair of this type of structure can be 
referred to as mirror QW structures [24]. 
(a) 
HL 
Distance 
Conduction band 
lllil 
Valence band 
STRUCTURE 1 
(b) Conduction band 
Valence band 
STRUCTURE 2 
Figure 2.4: Example of Mirror MWQW structures, where Structure 2 is a 
"mirror" image of Structure I. x and y denote the width of the quantum 
wells, with x>y. 
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In figure 2.4, structure 1 has a widest well on the p-side of the active region 
and narrowest well on the n-side. On the other hand, structure 2 is a mirror 
image of structure 1, where narrowest well is near the p-side and widest well is 
near the n-side of the active region. 
Past studies carried out on carrier distribution using mirror QW structures have 
shown that the values obtained for threshold current density, internal losses, 
laser operating wavelength etc. are not similar. Hence suggesting that the order 
of quantum wells placed in the active region is important. Yamazaki et al. [20] 
studied carrier distribution using two InGaAslInGaAsP mirror MWQW lasers, 
where they found that at room temperature, with device length of 300llm, the 
laser-operating wavelength for both devices corresponded to the PL 
wavelength of the QWs located on the p-side of the active region. For example, 
with their MWQW structure with narrowest QW near the p-side of the active 
region, they obtained an operating wavelength of 1480nm, corresponding to the 
PL wavelength of the narrowest QW in the active region of their structure. 
Similarly, with their MWQW structure with widest QW near the p-side of the 
active region, the operating wavelength was 1540nm, corresponding to PL 
wavelength of the widest QW. The threshold current density obtained for 
structure 1, with widest QW near the p-side, was 50% less than structure 2. As 
mentioned earlier, the carrier distribution is determined mainly by heavy holes, 
because of their larger effective mass and lower mobility in comparison to 
electrons, and in InGaAslInGaAsP structure, the valence band has a deeper 
quantum well potential than conduction band. The larger effective mass of 
holes makes them far less mobile than electrons, preventing them from easily 
escaping which results in the majority of holes accumulating in the p-side of 
the active region. 
B-L. Lee et al. [11] studied nonuniform carner distribution using 
GaAs/AJGaAs mirror laser diodes. For 700!J1Il long diodes, they observed 
operation wavelength in both devices corresponding to the widest QW in the 
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active region. However, the threshold current density, for the device with the 
narrowest QW near the p-side, was 60mA in comparison to 30mA obtained for 
the device with the widest QW near the p-side. T. C. Newell et al. [27] also 
observed an increase by 40% in threshold current density for GaAsIInAlGaAs 
structure with the narrowest well on the p-side, in comparison to a mirror 
structure with widest QW on the p-side of the active region. 
The lower threshold current density for a device having widest QW on the p-
side of the active region can be understood by lower density of states (DOS) 
for widest QW in comparison to narrowest QW, where the DOS is expressed 
by following equation [29]: 
• 
PqwCE) = ;L In=lHCE -En) 
z 
(2.1) 
• 
where m ,L z ,En are, respectively the reduced effective mass, quantum well 
width, and the energy separation Ene - Env. As seen from equation 2.1, 
Pqw(E) is inversely proportional to the QW width. When a wide QW is near 
the p-side of the active region, it contributes to gain at lower current injection 
in comparison to a narrow QW. If a narrow QW is placed near the p-side, it 
would require higher current injection before reaching the transparency 
condition, hence threshold current density for a narrow QW near the p-side of 
the active region would be higher instead of having a wide QW on the p-side. 
2.4.4.2 Barrier height 
In an active region of a structure, barrier height is regarded as one of the most 
important parameters that affects the distribution of carriers across the active 
region [23, 30]. Work carried out in the past has shown that it is possible to 
reduce the carrier non-uniformity in the active region by reducing the barrier 
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height, i.e. decreasing the conduction band discontinuity. Figure 2.5 shows a 
pictorial example of a MQW structure where figure 2.5(a) has a higher 
conduction band discontinuity bl, and figure 2.5(b) has a smaller conduction 
band discontinuity, b2. Both structures I and 2 have identical widths of QWs. 
(a) Conduction band 
p n 
(b) Conduction band 
b,I 
EI 
x .. x· 
~L JLfl IllI, &j Valence band Valence band 
Distance STRUCTURE I STRUCTURE 2 
Figure 2.5: Schematic ofa MQW structure with (a) Structure 1: Higher 
conduction band discontinuity bl, (b) Structure 2: Reduced conduction 
band discontinuity b2, where bl > b2. where x= width of QW 
C. Silfvenius et al. [26] carried out a simulation, using commercial laser 
simulation software package PICS3D (from Crosslight Software Inc.), to 
investigate the influence of the barrier height in loP-based MQW lasers, with 
emission wavelength centred around 1300nm. The results obtained from the 
simulation showed an increase in the concentration of carriers near the p-side 
of the active region, and that the laser performance decreases with an 
increasing number of quantum wells. They reported the dependence of the hole 
transport time on the barrier height in the active region to play an essential role 
in determining the consistency of carrier spread across the active region. To 
verifY the theoretical results, they fabricated broad area lasers in InGaAsP 
material. For an effective heavy hole (HH) well depth of 215meV, they 
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obtained a hole transport time of l3.8ps. The hole transport time was reduced 
by a factor of nearly 5 (to 3.4ps) when the IllI well depth was reduced to 
l30meV. In addition, for the 215meV barrier structure, they obtained a 
threshold current density of 90Acm-2/well in comparison to 65Acm-2/well 
obtained for the shallower (130meY) MQW structure. Hence, the experimental 
results showed that reducing the barrier height improves the hole distribution, 
which consequently reduces the threshold current density and increases the 
optical output power. 
Effects of barrier height on carrier distribution were studied by Hazell et al. 
[23] in InGaAsPIInP material system operating near 1300nm. They observed 
an increase in threshold current density with barrier height. For example, for a 
device with barrier height of l.13eV, at 300K, they obtained threshold current 
of approximately 30mA, which was 50% less than the device with barrier 
height of 1.24eV. Quantum confinement is stronger for having higher 
conduction band discontinuity, which should encourage lower threshold 
current density. However, this is only possible in ideal conditions where all 
holes and electrons in the active region are evenly distributed. The non-
uniformity of carriers across the active region, in a MWQW structure, prevents 
higher conduction band discontinuity to achieve low threshold current density. 
This is because higher conduction-band discontinuity increases the probability 
of holes being trapped near the p-side, which would drive threshold current 
density to increase. A similar type of behaviour was observed by M. J. Hamp et 
al. [30], where for a ten quantum well InGaAsP laser, with 448meV high 
barrier, they reported twice the net gain contribution from the well located near 
p-side than the well located near the n-side of the active region. However, for 
the same structure with barrier height reduced to 327meV, the well on the p-
side only contributes 18% more gain in comparison to the well located on the 
n-side of the active region, hence improving the carrier spread across the active 
reglOn. 
22 
Chapter 2 
Reducing the barrier height has the advantage of improving carrier distribution, 
however during high current injection, the carriers are likely to overflow the 
QWs which may also lead to an increase in the free carrier losses. With 
optimised barrier height, carrier uniformity can improve across the active 
region without high carrier leakage. 
2.4.4.3 Barrier width 
The effect of the barrier width on carrier distribution is another important issue 
in the design of a MQW structure. A pictorial example of MQW structures 
related to barrier width is shown in figure 2.7, where bl and b2 denotes the 
barrier widths of structures 1 and 2 respectively. 
(a) 
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Figure 2.6: An example of a MQW structure with: (a) structure 1: wider 
barrier with thickness bl (b) structure 2: narrower barrier with thickness 
b2. Here, x is the width of the QWs and barrier width bl > b2. 
Hamp et al. [31] studied the effects of barrier width on carrier distribution, 
where they reported that the uniformity of carriers increases with decreasing 
barrier thickness. Experimental results obtained for InGaAsPIInP lasers, with 
lOnm wide barriers showed that, gain contribution from the quantum well on 
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the p-side was 74% higher than the QW located on the n-side of the active 
region. This difference in gain contribution was decreased to only 18% when 
the barrier width was reduced to Snm. This trend of carrier distribution 
improvement by reducing the barrier width was explained by QWs physically 
getting closer, which evenly pump all QWs in comparison to the laser with 
wide 10nm barriers. 
M. Kucharczyk et al. [32] studied the effects of barrier width usmg a 
theoretical model of a GaAs/AlGaAs double QW structures. For the same 
carrier injection, they reported considerable difference in optical gain spectrum 
for two different barrier widths. Using a wide barrier (3.0nm in width), they 
obtained a higher gain peak of 3000cm-1 in comparison to 2S00cm-1 for a 
narrow barrier (1.Snm in width). In addition, the location of the gain peak for 
the thin barrier was slightly shifted to a longer wavelength in comparison to the 
wide barrier structure, suggesting barrier thickness, to some extent, affects the 
laser emission wavelength, hence may be considered as an addition parameter, 
beside QW width and barrier height, for wavelength tuning. The full width half 
maximum (FWHM) for the gain spectrum, obtained for the narrow barrier 
structure, was around 25% broader in comparison to the structure with the wide 
barrier. They also observed a slight variation in the subband energy level for 
the two different barrier widths, where the subband energy difference between 
the valence and conduction bands was lower for QW structure with the narrow 
barrier, where as for the wide barrier, the subband energy was at higher energy 
level. 
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2.4.5 Carrier distribution in InGaAslInAlGaAs material 
Little theoretical and experimental work has been done on carrier distribution 
in InGaAslInAlGaAs material system in comparison to InGaAslInGaAsP 
material system. Past work on carrier distribution in InGaAsPIInP lasers has 
reported that the lower mobility of holes to be the main cause for non-
uniformity in the carrier distribution [33]. This is because phosphorous 
quaternary material has a relatively higher valence band offset than conduction 
band offset (~:AEc= 0.6:0.4). Holes, due to their heavy effective mass, are 
less mobile in comparison to electrons and hence remain localized on the p-
side of the active region. On the other hand, lnAlGaAs material system with its 
larger conduction band offset (A£v:AEc= 0.28:0.72), in comparison to 
InGaAsP, improves the electron confinement in the conduction band, and for 
holes, the valence band discontinuity of lnAlGaAs system is shallower than 
that for InGaAsP material system which may improve distribution of holes in 
all quantum wells [49]. 
A. Hangleiter et al. [35] reported quicker hole transport time 10 
InGaAslInAlGaAs material in comparison to InGaAslInGaAsP material, where 
the hole transport time obtained for InGaAslInGaAsP material system was 
lOOps, and 1 ps obtained for InGaAs/InAlGaAs material system, hence 
improving the carrier distribution across the active region of the latter structure. 
This was supported by differential gain measurements carried out by their 
group, where they obtained higher differential gain of 3.2 x 10-16 cm2 for 
lnAlGaAs lasers in comparison to 2.7 x 10-16 cm2 for InGaAsP lasers [36]. 
The barrier height in InGaAslInAlGaAs material system can be reduced by 
reducing the composition of aluminium in lnAlGaAs barriers. This will result 
in reduction of both conduction and valence band offset. Doing so is more 
favourable for holes, where reducing the barrier height would assist holes to 
spread evenly across the active region. 
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2.5 Conclusions 
This chapter has reviewed literature relating various methods studied to obtain 
broad gain spectrum lasers. Broadening of the gain spectrum is one of the main 
topics of investigation in this project, with particular emphasis on MWQW 
edge-emitting lasers. In summary, MWQW lasers consist of quantum wells of 
different widths in the same active region. The emission wavelength depends 
on the width of the QW, hence having QWs of different widths in the same 
active region facilitates in providing a broad gain spectrum laser. 
The study of non-uniformity of carrier distribution between the QWs in recent 
years has become an intense topic of research. The literature survey carried out 
in this chapter showed that holes with their lower mobility and large effective 
mass, in comparison to electrons, are the main cause for uneven distribution of 
carriers across the active region. Various researchers in the past have reported 
employing MWQW lasers to study the carrier distribution. From the literature 
review it was also shown how the barrier height, width as well as location of 
QWs effects the carrier distribution across the active region, where these 
problems can be over-come (within limits) by optimising those parameters. 
The non-uniformity of carriers distribution, studied in this work, is presented in 
Chapter 4 (section 4.5), where spectral gain curves obtained from the two 
mirror MWQW structures are investigated for the variations in the gain spectra. 
After becoming familiar with broad spectrum lasers and describing the basic 
fundamentals of broad gain spectrum lasers, the next chapter describes the 
MWQW and IWQW wafer structures grown for this project where the 
characterisation of the wafer structures was carried out to assess the quality of 
the wafer structures prior to fabrication of complex structures for spectral gain 
measurements and mode-locked lasers. 
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InGaAs/InAI GaAs MOW laser material structures 
and characterisation 
3.1 Introduction 
The aim of this chapter is to present a description of the four wafer structures 
grown for this project and their characterisation by fabricating broad area 
lasers. In Section 3.2, a short introduction to aluminium quaternary InAlGaAs 
alloy, and its advantages in comparison to phosphorous quaternary InGaAsP, is 
presented. Details of important parameters related to InAlGaAs alloy, which 
were analysed before the wafer growth, are also presented. Section 3.3 
describes the four wafer structures grown for this project. This is followed by 
photoluminescence (PL) experiments at 77 and 300K and characterisation of 
all four wafer structures. The QW material is characterised by fabricating broad 
area lasers from all four wafers for obtaining parameters such as threshold 
current densities, internal quantum efficiency and internal losses. Finally, all 
the results obtained from the previous section are discussed and analysed in 
section 3.4. The references to this chapter are listed in section 3.5. 
3.2 Inl_xGaxAslInl_x_yAlxGayAslInP material 
In the past, for semiconductor lasers operating in the 1300-15S0nm region, 
much of the research and development effort has been devoted to InGaAsP 
based QW lasers. However, the direct bandgap Inl_x_yAlxGayAs material 
system, lattice matched to InP based substrate, has in recent years started to 
yield productive results and is gaining attention for use in optical 
communications systems [1-3]. Tailoring the bandgap energy between those of 
Ino.s2Alo.ooG8{).48As (O.76eV, 1630nm) and Ino.s3Alo.47G8{).ooAs (1.46eV, 
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850nm), which includes the region with low optical fibre dispersion and loss 
windows respectively at wavelengths 1300nm and 1 550nm. The Inl-x-
yAlxGayAs alloy, can be grown lattice matched to InP based substrates for 
condition of x + Y =0.47 [4-6], where x and y are simple parameters defining 
the composition of aluminium and gallium respectively in the lnAlGaAs alloy. 
The interest in the InAlGaAs system originates for the following reasons: 
• Larger conduction band discontinuity of tillcl tillg= 0.7, in comparison 
to the value of tillcltillg= 0.4 for InGaAsP material system, provides 
better electron confinement in the conduction band [I]. 
• lnAlGaAs laser diodes have low temperature sensitivity of the 
threshold current (higher To) when compared to InGaAsP lasers [3]. 
• When lattice matched to InP, the spectral range covered by Inl-x-
yAlxGayAs quaternary system (1630-850nm) is slightly larger than Inl_ 
xGaxAsyPl-y system (I630-920nm) [7]. 
• InAlGaAs material system consists of only one group V element, and 
does not suffer from the AsIP control problem encountered in molecular 
beam epitaxy (MBE) ofInGaAsP [7,8]. 
• Higher differential gain and low threshold current density has been 
reported in theoretical studies for strained InGaAs/lnAlGaAs QW lasers, 
than those obtained for InGaAsllnGaAsP lasers [9]. 
3.2.1 InLx_yAlxGayAs bandgap analysis 
For bandgap engineering of heterostructures In the material system 
InGaAslInAlGaAslInP, it was vital to study the energy bandgap and band 
offset structure of alloys used in the active region of the QW material. This is 
because they hold the key to the operation wavelength and device performance. 
A simple diagram of an InGaAslInAlGaAs QW is shown in figure 3.1. 
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Figure 3.1: Diagrammatic presentation of an lno.s3Gao.47AsIIno.s3A1o.2oGao.27As 
QW structure. 
Energy gap: The energy gap of Inl-x_yAlxGayAs lattice matched quaternary 
system, at 300K, is dependent on the AI and Ga fraction of the alloy, and is 
expressed using the following equation [5,10,11]: 
Eg {x, y) = 0.36+ 2.093x + 0.629y + 0.577x2 + (eV) (3.1) 
0.436y2 + 1.013xy - 2.0xy(l- x - y) 
Another formula to deduce the energy bandgap of Inl_x_yAlxGayAs at room 
temperature is [10,12]: 
Eg{x,y) = 1.424+ 1.455x+O.191x2 
-1.614{1-x- y)+O.55(l-x- y)2 
+O.043x(1-x- y) 
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Using equations 3.1 and 3.2, the plot shown in figure 3.2 is for the energy 
bandgap of !no.S2(AlxGal-x)o.47As as a function of AI composition x. The energy 
bandgap increases almost linearly with AI composition. The bandgap energy for 
AI composition of x=O.2, used in this project in lnAlGaAs barrier layers, is 
-l.0056eV (at 300K). 
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Figure 3.2: The energy bandgap of !no.53 (AlxGal-xAs) 0.47 at 300K as a function 
of AI composition, using equations 3.1 and 3.2. 
A more straightforward way to calculate the energy bandgap for the Inl-x-
yAIxGayAs quaternary system to be lattice matched to an loP substrate, at 300K, 
is as follows [6]: 
x 
wherez=--. 
0.48 
(eV) (3.3) 
To obtain most of the other parameters for Int_x_yAIxGayAs material system like 
electron effective mass, heavy-hole effective mass etc., a linear interpolation 
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between three different binary semiconductors, InAs, AlAs and GaAs is used, 
which can be used to calculate all physical parameters P used in the calculation 
of the band edge, except for the bandgap [1]: 
P(Inl_x_yAlxGayAs) = P(InAs)(l- x - y) 
+ P(A1As)x + P(GaAs)y 
(eV) (3.4) 
The material parameters of the binary semiconductors lnAs, AlAs and GaAs 
can be found in reference [1]. 
3.2.2 Inl_xGaxAs energy bandgap [10] 
Energy bandgap Eg for Inl_xGaxAs is given as follows: 
Eg(Inl._xGaxAs) = 0.36+0.505x+O_555x2 (eV) (3.5) 
The material parameters, M, of Inl_xGaxAs are interpolated using those for lnAs 
• 
and GaAs by using the following formula: 
M(Inl_XGaxAs) = (1- x)M(InAs) + xM(GaAs) (eV) (3.6) 
3.2.3 InP energy bandgap 
InP is a direct bandgap binary alloy, which is commonly used as a substrate for 
lnAlGaAslInGaAs material system. The energy bandgap for InP is given 
below, using a temperature, T, dependent equation [10]: 
E (T)=1.421_T2x3.63xl0-4 
g (T +162) 
(eV) (3.7) 
with the energy bandgap calculated at room temperature =1.351eV. 
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3.3 InGaAslInAlGaAslInP wafer structures 
Three multiple width quantum well (MWQW) wafer structures were grown for 
this project. A MWQW laser consists of quantum wells of different widths, 
emitting light at different wavelengths, but all in the same active region. In 
order to evaluate the advantages (disadvantages) of MWQW lasers with 
conventional identical width quantum well (lWQW) lasers, an IWQW wafer 
structure was grown which included quantum wells of identical width in the 
active region. All these wafers were grown in a lattice matched 
InGaAslInAlGaAs semiconductor material system, on InP based substrate. 
Table 1 lists the details of all the wafers grown for this project with a brief 
description. 
Table 1 
Wafer Wafer Type of Growth Description 
No. reference structure Technique 
MRl443 IWQW IWQW MOVPE Conventional identical width 
wafer lattice matched quantum wells 
structure with six QWs of 
width 6.7nm each. 
MRlS02 Wafer A MWQW MOVPE 3 sets of MWQW, including 
three 7.4nm, three 6.7nm and 
three 6.0nm QWs in the active 
regton. Here, the broadest 
well (7.4nm) is near p-side of 
the active region. 
MR1649 WaferB MWQW MOVPE 3 sets of MWQW, including 
three 7.4nm, three 6.7nm and 
three 6.0nm QWs in the active 
reglOn. The narrowest well 
(6.0nm) in the active region of 
wafer B is near p-side of the 
active region. 
A1389 WaferC MWQW MBE 3 sets of MWQW structure 
with one 9.0nm, two 4.Snm, 
and three 3.0nm QWs in the 
active region. The 9.0nm QW 
in this structure is nearest to 
the p-side of the active region. 
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3.3.1 Identical width quantum weD (IWQW) wafer <Wafer No. 
MR1443) 
In general, a conventional wafer structure consists of an active layer with 
quantum wells of identical width, which in this project was referred to as the 
identical width quantum well (IWQW) wafer. Figure 3.3 shows the layer 
structure of the IWQW material grown using metal organic vapour phase 
epitaxy (MOVPE) by Dr John Roberts at the central EPSRC ill-V facility at 
the University of Sheffield. From the contact layer down, the layer 
specifications are as follows: a 200nm thick, heavily doped with zinc (5.0 x 
1018 cm-3) lno.S3Gao.47As contact layer. 
200nm, p++ InGaAs 
lOOOnm, p InP 
250mn. InAlGaAs 
Active layer 
2SOnm, JnAlGaAs 
6.7om InGaAs 
6.7om InGaAs 
6.7nm InGaAs 
6.7om InGaAs 
D 5 InAJGaAs barriers 
D 6 InGaAs QWs 
Figure 3.3 : Cross-section diagram ofInGaAslInAlGaAs IWQW wafer structure 
This is followed by a 1000nm thick, p-type zinc doped (5 .0 x 1017 cm-3) InP 
upper cladding layer. The active layer consists of six lattice matched 
lno.s3Gao.47As quantum wells of 6.7nm in width. These quantum wells are 
separated by 9nm thick Illo.s3Alo.2oGao.27As barriers. The active layer was 
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designed to nominally emit light at around 1550nm wavelength. The active 
layer is surrounded by 250nm thick un-doped lIlo.s3Alo.2oGao.27As guiding 
layers. These guiding layers assist in improving the confinement of light within 
the active region. The lower cladding layer is formed by a 500nm thick n-type 
(Si doped) InP layer. 
3.3.1.1 Photoluminescence analysis for IWQW wafer 
PL experiments were carried out for the assessment of QW structure. This is a 
non-destructive temperature dependent technique, which does not require any 
contact with the material under investigation and is a commonly used method 
in estimating the energy bandgap of a QW structure [13]. 
a)77K b)300K 
1350 1400 1450 1450 1500 1550 1600 
Wavelength (run) Wavelength (run) 
Figure 3.4(a): PL spectrum of IWQW Figure 3.4(b): PL spectrum of IWQW 
wafer at 77K wafer at 300K 
Figure 3.4 shows the PL spectrum obtained for IWQW material at (a) 77K and 
(b) 300K. From the PL spectrum, the peaks observed at 77K and 300K are 
1413nm (figure 3.4(a» and 1532nm (figure 3.4(b», respectively. In addition, 
the full width half maximum (FWHM) measured is 17nm and 48nm at 77K 
and 300K respectively. 
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3.3.1.2 IWQW material characterisation 
The IWQW material was characterised by fabricating broad area lasers, which 
are simple to fabricate, as they require only one photolithographic step. 
Characterisation of quantum well material assists in obtaining optical 
properties of the material such as threshold current density Jtb, internal losses 
etc. [4]. The advantage of using broad area lasers in characterizing the quantum 
well material is the negligible current spreading effect (lateral carrier leakage), 
which is necessary to accurately calculate threshold current densities, hence 
making it useful in characterizing the material. The basic structure of a broad 
area laser diode is shown in figure 3.5. The sides of the crystalline 
semiconductor are cleaved to serve as mirrors at the end of the optical cavity. 
Metal contacts 
region 
Mirror 
facets 
Figure 3.5: Basic structure of a broad area laser 
Experimental results: In this work, the broad area lasers were fabricated using 
micro-fabrication process given in reference 15. After the fabrication process, 
the IWQW broad area lasers were cleaved into four different cavity lengths of 
500J..l.l11, 1 OOO~m, 1500j.1m, and 2000j.1m. The cleaving process was carried out 
using a scriber, where the individual laser devices were obtained from the 
processed sample by aligning a diamond tipped marker perpendicular to the 
direction of the waveguide. A small scribe mark was placed at the edge of the 
sample at repeated periods to obtain laser diodes of four different cavity 
lengths. By applying a small pressure on both sides of the scribe mark, the 
sample was cleaved perpendicular to the waveguide. The cleaved facets 
provided a mirror surface having around 30% reflectance. 
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The laser diodes are operated by using two standard techniques for current 
supply: 1) pulse injection 2) continuous wave (CW) supply. The pulse current 
injection involves supplying the driving current to the lasers as a series of short 
pulses. The laser diode operation with CW supply causes a large amount of 
heat dissipation, which may deteriorate the performance of the laser. This 
problem is overcome by employing a heat sink and cooling set-up, which helps 
in providing an easy passage for heat dissipation and hence minimising the 
device temperature. Since characterisation of material involved carrying out 
testing a large number of broad area devices at different cavity lengths, these 
lasers were tested under a pulsed condition at room temperature. The lasers 
were mounted in a simple spring clip, which provided both p and n contacts. 
Short current pulses of width 400ns were supplied to the devices using an 
A VTECH pulse generator, at a repetition rate of 1 kHz. The set-up also 
included a germanium-photo diode to detect light emission from the laser diode, 
and a computer system running a Lab View interface program, which recorded 
the current and output power. The light power against the injection current (L-
I) curve was important in characterising the operation of diode lasers. Figure 
3.6 shows (a) the recorded L-I curves for broad area lasers of four different 
cavity lengths and (b) the current-voltage (I-V) diode characteristic with turn-
on voltage of O.75V, with the slope resistance of 5.4 n. As seen from figure 
3.6(a), the threshold current increases with the cavity length. Above threshold, 
the output power increases linearly until saturation change effects occur. From 
figure 3.6(a), the slope efficiency (W/A) (above threshold) is defined as the 
ratio between the output power of the laser and the injected current in the laser. 
The slope efficiency is restricted by carrier and photon losses. The carrier loss 
results from carriers escaping from the active region (vertical carrier leakage), 
and by non-radiative recombination effects such as Auger recombination and 
intervalence band absorption [14]. The internal quantum effiCiency is equal to 
the fraction of current above threshold that results in a stimulated emission of 
photons. 
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The external quantum efficiencYllext, which is defined as the ratio between the 
number of photons ejected from the laser diode and the number of carriers 
injected, can be calculated by measuring the slope efficiency of each device 
and multiplying it by eIliro [15]. Figure 3.7(a), shows a linear relationship for a 
plot of the inverse external quantum efficiency lI11ext as a function of the cavity 
length. 
Table 1 displays the results obtained from the L-I curves of IWQW broad area 
lasers for four different cavity lengths: 
Table 1 
Length Threshold Threshold 
(J.Lm) Current Current Density 
Ida (mA) Jda (Acm-1) 
500 401 1002.5 
1000 650 812 
1500 876 730 
2000 1120 700 
The following relationships shown below will be used with the graphs obtained 
in figure 3.6-3.7 to characterise the material. Equation 3.8 relates the optical gain 
in the laser cavity at threshold with loss, where threshold is defined as the 
condition where net gain of the laser is unity. 
(3.8) 
where gth is the threshold gain, aj is the internal optical loss, RJ and R2 are the 
facet reflectivities and L is the laser length. The external slope efficiency above 
threshold, 17e:xt, is given by the following expression: 
TJext = TJint [1- a; ] 
gth 
where, TJint is the internal quantum efficiency. 
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Combining equations 3.8 and 3.9 gives the relation between the external slope 
efficiency and the laser length: 
(3.10) 
1 1 
-=_0 
The relation of optical gain with current density J, g(J), up to threshold 
condition, can be expressed as [21]: 
(3.11) 
where Go is the gain constant per well, Jtransp is the transparency current 
density per well and nw is the number of QW s in the active region and r w is 
the optical confinement factor which represents the overlap of the optically 
guided mode per well. 
The internal quantum efficiency, llint, was determined using the relationship 
mentioned in equation (3.10) and the plot for the inverse of the external 
quantum efficiency as a function of laser cavity length (figure 3.7(a». From 
figure 3.7 (a), the y-intercept (at L=O), was used to determine a value for the 
internal quantum efficiency: 
1 
r/ = 100x = 84.34% 
,,,/ 1.1856 
Using equation 3.10, the value of internal losses ai, was also obtained from the 
slope of the linear fit: 
a j = 42.723T,1int In(~) = 39.6cm-J 
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The logarithmic function of current density 1tb, obtained by combining 
equations 3.8 and 3.11, is given by the following equation: 
(3.12) 
Hence, by plotting the natural log of threshold current density In(Jtb) against the 
inverse of the cavity length (IlL), as shown in figure 3.7(b), where 100 can be 
evaluated from the y-intercept of the plot. 
From the y-intercept of the curve, in figure 3.7(b), threshold current density at 
infinite length for IWQW is: 100= 629Acm-2 
3.3.1.3 Conclusion 
For the infinite cavity length, a threshold current density of 629Acm-2 was 
obtained. Other experimental results in conventional lnAlGaAs based lasers 
obtained 100= 750Acm-2 for a lattice matched four QW laser [16]. The internal 
losses obtained for the IWQW wafer structure were around 50% higher in 
comparison to the results reported in reference 17 for InGaAsJInAlGaAs lasers. 
However, the relatively low threshold current density at infinite length, for the 
IWQWoxide stripe lasers suggests the relatively good quality of the material. 
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3.3.2 Multiple width quantum well wafer A (Wafer No. 
MR1502) 
Following the growth of the IWQW wafer, a second wafer was grown at the 
University of Sheffield, by Dr Steve Pinches, using metal organic vapour phase 
epitaxy (MOVPE), at the central EPSRC ill-V. This wafer structure was defined 
as ''wafer A" which, in comparison to conventional IWQW wafer structure, 
consists of quantum wells of different widths in the active region. Figure 3.8 
shows the cross-section diagram of wafer A. In comparison to the IWQW wafer 
structure, the MWQW wafer A included a 400nm thicker upper cladding layer 
and three sets oflattice matched MWQW of widths 7.4nm, 6.7nm and 6.0nm; 
with the widest wells (7.4nm in width) near the p-cladding layer of the wafer. 
The wells are separated by 9nm wide InAlGaAs barrier. 
200nm, p++lnGaAs I 7.4run InGaAs 
I 
I 7.4nm InGaAs 
I 
1400nm, P InP I 
I 7.4nm InGaAs 
I 
I 6.7nm InGaAs 
-
....... I 2SOtun. InAlGaAs I 6.7nm InGaAs 
Active layer 
6.7run InGaAs I' 25Onm. InAlGaAs \ 
\ 6.0nm InGaAs 
\ 
\ 6.0nm InGaAs 
500nm, nInP \ 
6 Onm In 
D 8 InAlGaAs barriers 
D 9 InGaAs QWs 
Figure 3.8: Wafer A, MWQW wafer structure (widest well on p-side) 
Using a Schroedinger numerical problem solver, the calculated theoretical 
emission wavelengths from QWs 7.4,6.7 and 6.0nm were 785, 794 and 807meV 
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respectively. The active regton was engineered such that the emission 
wavelength was centred close to 1550nm (-800meV). 
3.3.2.1 Photoluminescence analysis for wafer A 
The PL measurements were carried out to assess the emission wavelength of 
wafer A. From figures 3.9(a) and (b), the FWHM at 77K and 300K for wafer A 
is 45nm, and 100nm respectively. In comparison to IWQW material, the PL 
obtained at 77K for MWQW is nearly 2.5 times broader, and at 300K, it is 
nearly twice as broad. The emission peaks at 77K and 300K are 1420 and 
1515nm respectively. 
a)77K b)300K 
1300 1350 1400 1450 1500 1400 1450 1500 1550 1600 
Wavelength (run) Wavelength (run) 
Figure 3.9(a): PL spectra of wafer A at Figure 3.9(b): PL spectra of Wafer A at 
77K 300K 
3.3.2.2 Wafer A characterisation 
The optical properties of wafer A were tested by the fabrication of 80J,.lm wide 
broad area lasers. Figure 3.10 shows (a) the L-I curves measured from broad area 
lasers for three different lengths and (b) the I-V diode characteristic of broad area 
laser A, with tum-on voltage measured at 1.1 V, which is approximately 50% 
higher than expected for latticed matched InP based laser diodes. The slope 
resistance from figure 3.1 O(b) was calculated at 22n. 
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Table 2 
Length Threshold Threshold 
(~m) Current It.. (rnA) Current Density 
Jth (Acm-2) 
500~m 844 2112.4 
1000~m 1328 1661.0 
1500~m 1753 1461.4 
Table 2 lists the results obtained from the L-I curve shown in figure 3.10. From 
figure 3.11 (a) the calculated internal quantum efficiency of wafer A is llint= 
59.8% and internal losses (lj at 75cm-1. Also from figure 3.11(b), l ao=1243Acm" 
2 
3.3.2.3 Conclusions 
The PL spectra at 300K obtained from wafer A was nearly twice as broad as that 
for the IWQW wafer. In comparison to values obtained for the IWQW lasers, the 
internal quantum efficiency for laser A was 35% lower and threshold current 
density and intemallosses were nearly twice as high. The high threshold current 
density of 1243Acm-2 at infinite length was nearly twice as high in comparison 
to the IWQW device, which is likely to cause problems in CW operation of 
complex structures like ridge waveguide lasers. From the I-V characteristics of 
broad area device A (figure 3.10(b», it was found that the diode tum-on voltage 
for the device was approximately 50% higher than expected for InP based 
devices. This may result in high threshold current density obtained from broad 
area lasers of wafer A. The wafer was re-grown with exactly similar QW 
configuration in the active region and was referred to as wafer A2. The results 
obtained from the broad area lasers for wafer A2 showed a significant reduction 
in the threshold current density at infinite device length (see Appendix 2), where 
Joo=778Acm"2. 
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3.3.3 Multiple width quantum well material wafer B (Wafer No. 
MR1649) 
As discussed in chapter 2, non-unifonn carrier distribution in the active region 
can seriously affect the differential gain of the QW material and a commonly 
known technique to study non-uniformity is to grow mirror structures, where 
two devices have identical epi-Iayer structures, except that the order of 
quantum wells in the active region is reversed [20]. Although study of carrier 
non-uniformity was not considered as one of the major goals for this research, 
any differences in spectral gain measurements, in both mirror structures A and 
B, may provide some infonnation regarding distribution of carriers in both the 
structures. Hence, in order to study the gain broadening effect in comparison to 
that of IWQW structure and to study the carrier non-uniformity from spectral 
gain measurements, wafer B was grown. 
200nm, p++ InGaAs 
6.0om InGaAs 
1400nm, P InP 6.0om lnGaAs 
6.7om InGaAs 
6.7om InGaAs 
2S0nm. InAlGaAs 
Active layer 6.7om InGaAs 
2SOnm, InAlGaAs 7.4om InGaAs 
7.4om InGaAs 
7.4om InGaAs 
8 InAlGaAs barriers 
9InGaAsQWs 
Figure 3.12: Wafer B, MWQW wafer structure (with the narrowest QW on the 
p-side of the active region) 
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Wafer B, shown in figure 3.12, was identical to wafer A, except that the active 
region of its structure was reversed. Wafer A had the widest wells (7.4nm in 
width) on the p-side of the active region and the narrowest wells (6.0nm in 
width) on the n-side of the active region, while wafer B had the narrowest 
wells (6.0nm in width) on the p-side of the active region and the widest wells 
(7.4nm in width) on the n-side on the active region. 
3.3.3.1 Photoluminescence analysis for wafer B 
From figure 3.13(a) and (b), the FWHM measured for wafer B is 40nm and 
96nm at 77K and 300K respectively. The FWHM obtained for wafer B is 
almost identical to that obtained for wafer A (figure 3.13). This was expected 
as both structures have an equal number of QWs and are nominally identical in 
dimensions and compositions. In PL experiments, all QWs in an active region 
of a laser are optically pumped equally regardless of their location within the 
active region of the material [14]. Hence, the PL spectrum obtained for wafers 
A and B are nearly identical. The peak emis~ions at 77K and 300K for wafer B 
are at 1424nm and 1510nm respectively. 
a)77K 
1350 1400 1450 1500 
Wavelength (run) 
Figure 3.13(a): PL spectrum of wafer B 
at 77K 
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A small variation in the peak enussIOn wavelength by - 15nm, observed 
between the peak emission wavelength for wafers A and B, can be caused by 
minor differences in the growth conditions for the two wafer structures. 
3.3.3.2 Wafer B characterisation 
The optical properties of the material were tested by fabrication of 80f..lm wide 
broad area lasers. Table 3 shows the experimental results obtained from the L-I 
curves shown in figure 3. 14(a). From figure 3.14(b), the diode tum-on voltage 
was measured at 0.7V with the slope resistance of 3.5 !l. From figure 3.15(a), 
the internal quantum efficiency was calculated at 70.8% and internal losses at 
40cm-1. From figure 3 . 15(b), J«> =950Acm-2 . 
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Figure 3. 14(a): L-I characteristics of80fl 
m wide MWQW (Wafer B) broad area 
lasers for four different cavity lengths. 
Table 3 
Leogth Threshold Current 
(J'm) ltJ.(mA) 
200 373 
500 525 
1000 910 
1500 1.31 
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Figure 3.15(b): A plot of (log 
scaled) lib plotted against inverse 
of cavity length L 
Wafer A and B were mirror structures, where they were similar except where 
the active region of wafer B was a mirror image of the active region of wafer 
A. A comparison between the two mirror structures suggests that the optical 
quality of wafer B was better than that of wafer A because the latter had a 30% 
higher 100 and an 11 % lower internal quantum efficiency. The FWHM obtained 
from PL spectrum for wafer B at 77K and 300K was 40nm and 96nm 
respectively, and were almost identical to that for wafer A. 
As mentioned in section 3.3.2.2, wafer A had approximately 50% higher turn-
on voltage than expected for latticed matched InP based devices, the wafer A 
was re-grown again and referred to as wafer A2. In comparison to wafer A2, 
broad area lasers from wafer B had 22% higher current density at infinite 
length. 
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3.3.4 Multiple width Quantum well material wafer C (Wafer 
No. A1411) 
The laser material: IWQW wafer, wafers A and B documented in the previous 
three sections (3.3 .1-3.3.3) of this chapter were grown by MOVPE; however 
wafer C was grown by Molecular Beam Epitaxy (MBE) in the Department of 
Electronic Engineering, University of Glasgow. This wafer was the first 
MWQW wafer grown for this project, prior to wafers A and B. The active 
region of wafer C was structured using a similar approach developed by Krauss 
et al. [18], with the aim of investigating the broadening effect by employing 
multiple width QWs in the same active region. 
200nm, p++ InGaAs 
1500nm, P 
InAlAs 
13Onm. lnAlGaAs 
Active layer 
l30nm, InAlGaAs 
500nm, InA1As 
D 5 lnAlGaAs barriers 
o 6 InGaAs QWs 
Figure 3.16: Wafer C, MWQW wafer structure (Broader well on p-side) 
As shown in Fig. 3. 16, this structure has one 9nm well, two 4. 5nm wells and 
three 3nm wells separated by Aio.20lno.S3<iao.27As barriers of width 9nm. The 
theoretical emission wavelengths from the 9, 4.5 and 3nm quantum wells were 
calculated to be 1610,1470 and 1418nm respectively. These quantum wells were 
separated by 9nm InAlGaAs barriers. 
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3.3.4.1 Photoluminescence analysis for wafer C 
The PL spectrum in figure 3. 17(a) shows three distinct peaks. These peaks have 
been labelled as 1,2 and 3, corresponding to the 3, 4.5, 9nm QWs in the active 
region of wafer C, respectively. The FWHM, at 77K, for the three peaks are 
21nm, 47nm and 63nm for the 3, 4.5, and 9nm QWs respectively. The FWHM, 
at 300K (figure 3. 17(b», was 166nm. 
a)77K 
1300 1400 1500 1600 
Wavelength (run) 
-= ~ 
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.c 
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Figure 3. 17(a): PL spectra of wafer A at Figure 3.17(b): PL spectra of wafer A 
77K at 300K 
3.3.4.2 Wafer C characterisation 
Wafer C was characterised by fabrication of broad area lasers of three different 
lengths. Figure 3.18 shows (a) The L-I curves for these broad area devices are 
presented (b) the diode tum-on voltage was measured at 0.8V with high slope 
resistance of 49!l Table 4 displays the results obtained from the L-I curves 
shown in figure 3.18(a). For the same cavity length, the threshold current 
density obtained for wafer C broad area lasers was higher in comparison to the 
values obtained for the broad area lasers for the previous three wafers. For 
example, the threshold current density measured for a 500~m long device, 
fabricated from the IWQW, A and B wafers, were 1022.5, 2012.5, 1362.5Acm-
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2 respectively, whereas the threshold current density of a 500~m long broad 
area laser device, fabricated from wafer C, was 50S5.3Acm'2 . 
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Figure 3 .1S( a) : L-I characteristics of 
75~m wide MWQW (Wafer C) broad 
area lasers for three different cavity 
lengths 
7.3 
7.1 • 
6.9 
';; 6.7 
~ 6.5 
~ 
~ 6.3 
6.l 
5.9 y = 12.771x+ 5.7741 
5.7 
0.03 O.OS 0.13 
x, L(em) 
Figure 3 .19( a): A plot of the inverse 
external quantum efficiency l/TJext 
against the laser lengthL. 
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Table 4 
Length Threshold Threshold Current 
(JLIIl) Current Density JtIt (Acm-1) 
Lt.{mA) 
500 1907 5085.33 
850 2265 3552.94 
1000 2640 3520.00 
The internal quantum efficiency, calculated using figure 3. 19(a), IS 
approximately 17.32 %, a.j= 2.5cm-l. Using figure 3. 19(b), J<tJ= 2385 Acm-2. 
3.3.4.3 Conclusions 
From the PL spectrum, the FWHM obtained for wafer C, at 300K, was around 
66% broader than the FWHM obtained for the other MWQW wafers (A and B). 
At 77K, there were three distinctive peaks observed corresponding to the three 
multiple width QWs in its active region. In comparison to the IWQW wafer, the 
FWHM for wafer C at 300K was nearly 3.5 times broader. The low internal 
optical loss obtained for device C is comparison to the other two MWQW 
structures is probably because of poor doping level in wafer C, where the free 
carrier absorption in device C was comparatively less than MWQW devices A 
and B. The threshold current density obtained for broad area laser C was 
extremely high in comparison to the IWQW and the other two MWQW devices, 
where at infinite length current density obtained for broad area devices from 
wafer C was 3.8, 1.9 and 2.5 times higher in comparison to devices from wafers 
IWQW, A and B respectively. 
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3.4 Conclusions 
This chapter described the details of four different wafer structures grown for 
this project. The material characterisation presented in this chapter helped in 
analysing the quality of material. The key experimental results obtained from 
characterisation of the four wafer structures are given below in Table 5. 
Table 5 
Wafer Jto Internal <Xi PL Spectra FWHM at 
(Acm-1) quantum (cm-1) 77K 300K 
efficiency TInt 
IWQW 629 84.34% 39.6 17nm 48m 
A 1243 59.80% 75 45nm 100nm 
B 950 70.80% 40 40nm 96nm 
C 2385 17.32% 2.5 3.0nm QW- 21nm 166nm 
4.5nm QW- 47nm 
9.0nm QW- 63nm 
PL spectra: The following observations were made from the PL spectra 
obtained from all four wafer structures. At 77K, the FWHM obtained for the 
IWQW wafer was nearly 2.5 times narrower than that obtained for wafers A 
and B. At 300K, the FWHM obtained for the IWQW wafer was nearly twice 
narrower than wafers A and B and around 3.5 times as narrow as in 
comparison to wafer C. The FWHM for wafer C was around 1.6 times broader 
than the other two MWQW wafers A and B. The FWHM obtained for wafers 
A and B, both at 77K and 300K were nearly identical. This is because in the PL 
experiment all the QWs in an active region are uniformly pumped, regardless 
of their location inside the active region. 
Internal quantum efficiency and internal losses: The L-I curves for different 
cavity lengths are widely used to obtain parameters for optical internal losses 
and internal quantum efficiency, based on the assumption that these two 
parameters are not dependent on the laser length. However, Piprek et al. [19] 
have reported both internal losses and internal quantum efficiency being 
affected by the cavity length, which can make the reliability of values obtained 
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for internal quantum efficiency and internal losses questionable. In addition, 
variation in light emission coupling from the laser diode into the germanium 
detector may result in inaccurate external efficiency measurements, 
consequently affecting the value obtained for internal quantum efficiency. 
Therefore, little emphasis was placed on the internal quantum efficiency and 
internal losses obtained for the four wafer structures in this chapter. 
Nevertheless, since the characterisation of broad area lasers fabricated from all 
four wafers were carried out in the same laboratory using the same set-up, the 
values obtained for 11i may be used roughly to estimate the quality of the 
material growth. Doing so suggests that, 11i obtained for the IWQW wafer was 
better in comparison to any of the MWQW wafers, where 11i obtained for 
IWQW was 43% and 20% higher than broad area devices A and B 
respectively. Moreover, in comparison to broad area devices from wafer C, 
IWQW devices had nearly five times higher 11i. For the MWQW wafers, the 
internal quantum efficiency of wafer C was the poorest, supported by high 
threshold current density at infinite cavity length of 1848Acm-2. Wafer B in 
comparison to wafer A had 11% higher internal quantum efficiency. The value 
of internal optical loss obtained for the IWQW and MWQW device B was 
lower in comparison to the MWQW device A. In addition, device C had the 
lowest optical loss in comparison to the other three structures. This was 
probably because of poor doping level in wafer C, resulting in comparatively 
lower free carrier absorption than the IWQW and MWQW devices A and B. 
The internal optical losses for the IWQW and MWQW devices A and Bare 
studied in further detail in chapter 5. 
Current density at infinite cavity length, Jao: The value of Joo obtained for the 
wafer A broad area lasers was nearly twice as high as than the broad area lasers 
from IWQW wafer. In comparison to wafer B broad area lasers, the Joo obtained 
for the IWQW lasers was around 50% lower. J"" obtained for the wafer A broad 
area laser was around 30% higher than wafer B broad area lasers. From the 1-
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V curve shown in figure 3.1 O(b ), . it was found that the diode tum-on voltage for 
device A was around 1.1 V, which was nearly 50% higher than that expected 
for latticed matched InP based devices. Hence, wafer A was re-grown, and 
referred to as wafer A2. Results obtained from broad area devices A2 
(Appendix 2) showed J<c being 23% higher and 60%, 20% lower in comparison 
to broad areas lasers IWQW, A and B, respectively. Because the quality of 
wafer A2 was better in ,comparison to other MWQW wafers A. Band C, it was 
employed at a later stage of this project for fabricating complex colliding pulse 
mode-locked (CPM) lasers. 
Characterising all four-wafer structures helped in assessing the quality of the 
wafer structures employed in this research. In order to investigate the 
fundamental advantage of the MWQW lasers, where the MWQW lasers should 
provide a broader gain spectrum in comparison to the IWQW lasers, the 
spectral gain measurements are presented in the following chapter. 
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Ch apter 4 
Spectral Gain measurements in InGaAslInAIGaAs 
IWQW and MWQW material 
4.1 Introduction 
Optical gain is a key parameter relating the physical properties of the 
semiconductor material to the output characteristics of a laser diode [1]. Hence, 
it is advantageous to assess the quality of the semiconductor material by 
carrying out gain measurements prior to fabrication of high-speed devices like 
colliding pulse mode-locked (CPM) lasers. Carrying out gain measurements 
can give valuable insights into the operation and performance of Quantum well 
(QW) lasers and their relationship to other physical parameters such as 
injection current and photon energy. 
The rum of this chapter is to compare spectral gain measurements m 
conventional identical width quantum well (!WQW) and three mUltiple width 
Quantum well (MWQW) InGaAslInAlGaAs materials, which were discussed 
previously in chapter 3. This chapter includes a description of the theoretical 
gain model that is used to carry out the theoretical gain comparison with the 
experimentally obtained gain spectra in this project. This is followed by a brief 
introduction of various techniques employed in the past for the measurement of 
optical gain. The description of the multi-section technique used in this project to 
carry out spectral gain measurements is then described. The TE and TM net 
modal gain spectra that were experimentally obtained by employing the MWQW 
and !WQW multi-section devices are then presented. The gain spectra obtained 
from all four devices are discussed and analysed. All the gain measurements 
presented in this chapter were carried out using lattice-matched 
Ino.s3Gao.47AsIIno.s3Aio.2oGao.27As Quantum well semiconductor material. 
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4.2.1 Many body gain model 
Chapter 4 
The spectral gain results investigated in this project, using InGaAs/InAlGaAs 
IWQW and MWQW structures, were compared with a gain model designed by 
Keating et al., who studied an InAlGaAs latticed-matched IWQW structure with 
five QWs of width 8.6nm [1]. The theoretical gain model designed by Keating et 
al. was the best-established theory available that provided the closest fit for the 
results obtained from the spectral gain measurements in this project. The model 
includes the many-body effects, which is not included in the less-detailed gain 
equation described in Chapter 1, in section 1.2.1. 
In the many-body effect where the larger numbers of carriers are injected, the 
semiconductor is slightly changed and for a theoretical model of gain spectra, it 
is desirable to include such important physical effects that have an influence on 
line shape function of the gain spectra. The model designed by Keating et al. 
offers this advantage by including physical attributes that affect the 
semiconductor material gain. It includes: the plasma screening effect that 
contribute to the bandgap renormalization; the coulomb enhancement of the 
interband transition probability; the intraband relaxation process such as 
electron-electron and electron-phonon scattering which tend to broaden the gain 
spectrum and the correlation time, which is amount of time carriers stay in the 
same energy level with respect to each other are all included. 
The theoretical optical gain model, with many-body effects, is given by the 
following expression: 
() (1 nO) - (Fe - F,,)) ( e2 )fio g W = -exp . -- --kT m;w E (4.1) 
cc k 2 
X f d~1 ~ 1M T I // (1- /:.). (1- Re q k II ) 
o z 
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where, 0) is the optical angular frequency, Ii is the reduced Planck constant; Fe 
and Fv are the Quasi-Fermi energy levels in both conduction and valence band 
respectively, k is the Boltzmann constant, T is the temperature, e is the 
elementary charge, rno is the free electron mass, J.lo is the vacuum permeability, 
E is the dielectric constant, kll is the in-plane k-vector, Lz is the quantum well 
width, Mr is the momentum matrix element (coupling strength) in the QW and 
It and I; are the Fermi-functions, as discussed in chapter 1, for both the 
conduction and the valence band respectively. The variables 1 and m denote the 
electron states in the conduction band and heavy or light hole states in the 
valence band. The q(klJ describes the excitonic effect of Coulomb enhancement 
of the interband transition probability. Also, Elm (k ll ) is the normalized transition 
energy given by the expressionEI",(kll)=Eg +E:(kll)-E:(kll)+McH +Msx, 
where Eg is the material bandgap, MCH is the coulomb-hole contribution and 
till sx is the screened exchange contribution to the bandgap renormalization. 
Elm (k ll ) is the line shape function for the many-body gain model and is given by 
the following expression [1]: 
(4.2a) 
and 
(4.2b) 
with Te and lin being the correlation and intraband relaxation time respectively. 
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The numerical figures (like QW width etc.) from this project, required for 
theoretical gain measurements, were not applied into Keating et al. theoretical 
gain model because of time constraints. Nonetheless, the experimentally 
obtained gain data in this project was compared with the theoretical gain data 
obtained by Keating et al., using the many-body gain model described in 
equation (4.1), who studied a lattice matched lnAlGaAs IWQW structure, with 
five QWs centred around emission wavelength of 1550nm. 
4.2.2 Empirical gain theory 
Another way of studying the experimentally obtained gain spectra results is to fit 
the peak gain obtained from the experimental data using an empirical 
logarithmic gain versus current density characteristic, which is commonly used 
where the peak gain is fitted with current density [2]. Hence, logarithmic plots of 
the peak gain versus current density were also plotted to analyse the 
experimentally obtained gain results, and were compared with logarithmic 
gain/current-density results obtained by Whiteaway et al. [3] in 
InGaAslInAlGaAs MQW material. The logarithmic relationship between the 
peak gain and current density is given by the following expression [2]: 
(4.3) 
where Gw is the material gain of a single quantum well, Jw is the injected current 
density in single quantum well (SQW), and Go and Jo are gain and current 
density constants respectively, which depends on the crystallographic quality, 
type and layer structure of the material. The transparency current density per 
quantum well, .ftransp, where material gain is equal to zero, can be evaluated from 
equation 4.3, by setting material gain Gw equal to zero: 
J transp = Joe-1 (4.4) 
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The net modal gain GN that is related to the material gain Gw and internal optical 
losses aj using the following expression: 
(4.5) 
where n is the number of quantum wells in the MQW structure and r is the 
optical confinement factor per well. 
The equation (4.3) gives the modal gain for a SQW structure. For an MQW 
structure (like IWQW), expression (4.3) was modified before being applied to 
experimental results, resulting in the following expression for the net modal gain 
GN (also using expression (4.4 and 4.5»: 
GN = nrGw -at = nrGo In( J )-at 
nJtransp 
(4.6) 
For the expression shown in equation (4.6), it was assumed that for a 
conventional IWQW laser, the total current injected in the device was evenly 
distributed among all quantum wells. Hence, the current density per well (Jw) 
from the SQW gain expression (equation 4.3), has been replaced by total current 
density (1) injected in a MQW structure divided by the total number of quantum 
wells n in the active region. 
Equation (4.6) can be expanded, shown by the following expression: 
(4.7) 
For a single quantum well structure, the optical confinement factor takes into 
account only the fraction of photons inside the quantum well providing the gain 
[22], where the confinement factor per quantum well r is given by the following 
approximate expression: 
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(4.8) 
Lw is the quantum well width and Wmode is the thickness of the waveguide layer. 
4.3 Gain measurement techniques 
In practise, there have been various techniques investigated and used to carry out 
gain measurements. Two of the common methods used for optical gain 
measurements are as follows: 
I) The method introduced by Hakki and Paoli [4] in 1973 is commonly used to 
carry out gain measurements in semiconductor material [1,5,6]. Using this 
method, the gain spectra can be calculated from the amplitude of longitudinal 
Fabry-Perot modes in the spontaneous emission spectrum from the facets of the 
devices. The corresponding net modal gain GN is obtained using the following 
relation: 
G A =- +-In --1 [M I/2 (A)+I)] 1 ( 1 J N() L M I/2 (A)-I) L RIRz 
(4.9) 
where M is the maximum to minimum intensity ration between peak and its 
neighbouring valleys, L is the cavity length and R I • R2 is the facet reflectivity. To 
measure the amplitude of these modes, a measurement set-up is required with a 
high signal-to-noise ratio (SNR) and a high-resolution spectrometer. The optical 
gain can then be calculated as long as an accurate confinement factor and the 
internal optical losses are known. The gain-current curves can then be 
constructed by measuring a series of mode spectra as a function of injected 
current. However, this method has been proven to underestimate the real gain 
[1,7], and it measures the gain in the energy level positioned around the gain 
peak for a limited current range below threshold. In addition, prior to optical gain 
measurement, this technique requires accurate knowledge of reflectivity, internal 
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optical losses (Ui) and the optical confinement factor which are experimentally 
not easy to obtain. 
2) In 1980, Henry et al. proposed another method to measure the material gain 
using the general relation between the rates of stimulated emission, 
spontaneous emissions and optical absorption [8]. They used this method to 
measure the gain and absorption spectra in AlGaAs buried heterostructure 
lasers. This is carried out by analysing spontaneous emission spectra together 
with measurement of the laser line energy and differential quantum efficiency. 
This method involves measuring the spontaneous emission spectrum of laser 
diodes and converting them into absorption and gain spectra. The relation 
derived by Henry holds independently of the type of optical transition or the 
nature of initial and final states. This technique has been applied successfully 
for obtaining gain-current curves in both short [9] and long wavelength 
semiconductor lasers [10]. The drawback of the Henry et al. technique is that it 
uses an indirect method to calculate the F errni level energy separation, hence 
measuring the gain indirectly. 
In both techniques mentioned above, the refractive index and intrinsic optical 
losses are considered constants over the interested range of wavelength as well 
as at different current density injection. 
4.4 IWQW and MWQW gain measurements 
4.4.1 Multi-section gain measurement technique 
The gain measurements in this project were carried out using a multi-section 
device technique similar to that used by McDougall and Ironside [11] and 
Thomson et al. [12]. This technique has previously been used to carry out gain 
measurements in various other material systems both in long and short 
wavelengths [13-16]. The method involves calculating the net modal gain of 
the quantum well material by carrying out amplified spontaneous emission 
(ASE) spectra comparison for different active lengths of the device. As 
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illustrated in figure 4.1, the technique employed to carry out gain measurement 
utilises a multi-section broad area laser device. The fabrication procedure for 
the multi-section device is similar to that for a broad area laser [17], where the 
broad area laser is segmented into multi-sections. From figure 4.2, the device is 
860J!m in length, with 50J!m waveguide width. The device includes four 
sections each of length L= 200J!ffi separated by isolation gaps of ~so= 20J!m. 
The heavily doped InGaAs contact layer was removed in the isolation gap in 
order to improve the electrical isolation between the sections. Resistance of 
3500 between each section was measured; simple circuit theory indicates a 
current confinement of around 99.4%. The device was cleaved along the end of 
section 1, which also forms the output of the device. 
From figure 4.1, J., hand 1J are current densities applied to sections 1, 2 and 3 
respectively. h and IJ are optical intensities at the end of section 2 and section 
3 respectively. In order to minimise any gain alteration through optical 
feedback effects, Section 4 of the device is left unbiased with its facet end only 
scribed through the waveguide, not cleaved, hence allowing spectral 
measurement of the amplified spontaneous emission (ASE) for a single pass 
along the active length of the device. 
Figure 4. 1: Layout of multi-section device for gain measurements with L =length 
of each section, J= current density injection, I=light intensity, ~so=isolation gap 
between two sections. 
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The optical intensity at the end of section 1 is 11, which also forms the output of 
the device. Itotal is the total intensity output at the end of section 1 when sections 
1,2, and 3 are forward biased simultaneously. 
Using the various parameters defined in figure 4.1, at a certain current density J, 
the following procedure is carried out to obtain the net modal gain. The first step 
involves obtaining the reference spectrum, Iref, which refers to the initial ASE 
intensity at the end of section 3, which is the average emission from all points in 
section 3, before it experiences any gain (or loss) when transmitted through 
section 2 and section 1 of the device. All sections of the multi-section device are 
equal in dimensions, and it is assumed that optical intensity output at the end of 
all four individual sections will be the same at a certain current density over a 
range of wavelengths. Therefore, a simple method to obtain lref spectrum is to 
use section 1 of the device (which also forms the output of the device), by setting 
current densities at Jl=J, 12=J3=0. The measurement of reference spectrum at a 
certain current density J is then followed by measuring the total intensity output, 
Itotal, where sections 1, 2, and 3 are forward biased simultaneously by setting 
current densities at Jl=12=13=J. 
The following analytical expression G (J, .1,), with gain G as a function of current 
density J and wavelength A. can then be used to carry out net modal gain 
measurements for both TE and TM mode: 
G( J , 2) = 1 . In[ I total (J , 2) - 1] 
L(s -1) I ref(J, 2) 
(4.10) 
where s is the number of active sections of the device and L is the length of each 
section. 
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4.4.2 Experimental set-up 
The spectral gam measurements, m both IWQW and MWQW 
InGaAslInAlGaAs semiconductor material, were carried out using the set-up 
shown in figure 4.2. The devices were soldered (epi-Iayer up) on a copper 
mount with Electrolube surface mount solder paste (SMSP) which included 63% 
o 
tin, 35% lead and 2% silver, and has a melting temperature at 183 C [18]. The 
devices were then wire bonded to gold plated multi-section copper pads, and 
were operated in a pulse mode, with pulse length of about 400nsec and a 
repetition rate of about 1 kHz at room temperature. An Advantest spectrum 
analyser was used throughout the spectral gain measurement experiment to 
collect light emitted from the device output. 
Polariser 
~~:: -. = =m=: =: = "-------.----. 
multi-section 
device 
objective 
lens 
computer 
objective 
lens 
spectrum 
analyser 
Figure 4.2: Experimental set-up for gain measurements 
As shown in figure 4.2, the light emitted from the edge of the device is 
collimated using a x20 objective lens, then transmitted through a polariser, which 
allows the separation of TE and TM light intensity. The light is then collected 
using another x20 objective lens and focused into a multi-mode fibre, which is 
connected to a spectrum analyser. All spectral measurements carried out by the 
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spectrum analyser are collected on an ruM computer and processed using a Lab 
View program. For the experimental procedure, it was important that any optical 
coupling to the spectrum analyser remain constant, ensuring all spectra obtained 
in the specified experiment were directly comparable. For comparison 
convenience, the gain spectra obtained for both IWQW and MWQW devices are 
shown in section 4.4.5. 
4.4.3 IWQW spectral gain measurements 
The gain measurements were first carned out usmg an IWQW device. 
Polarisation dependent gain data are calculated by measuring the ASE spectra 
using the procedure described in section 4.4.1. Figure 4.3 shown below is an 
example of the TE ASE spectra versus wavelength obtained for current density 
injection of J= 2.5kAcm-2 . Reference spectrum Iref was first obtained by forward 
biasing only section 1 of the device, then Itotal spectrum was obtained by forward 
biasing 1, 2 and 3 sections of the device. Similarly, gain spectrum for other 
current injections were obtained. 
section 1,2 and 3 
"0'" ~ 
se 
1475 1525 1575 1625 
Wavelength (run) 
Figure 4.3 : IWQW TE spectra for current injection of J=2.5kAcm-2 from : 
pumping only the reference section to obtain Iref and forward biasing all three 
sections 1, 2, and 3 of the device simultaneously with the same current 
injection to obtain Itotal. 
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The plots for the spectral gain measurements for all the devices are shown in 
section 4.4.S. The modal gain spectra for IWQW device are shown in figure 
4.19(a) for the TE and (b) for the TM mode, with calculations carried out at 
current density J varying from O. S to 3 kAcm-2• 
The TE net modal gain contribution above zero, for the IWQW device, is 
measured between 1.0-l.SkAcm-2, as seen in figure 4. 19(a). It can be seen that 
the gain spectra broadens homogeneously where it is centred around single line 
width, corresponding to the emission wavelength of 6.7run QW. From the 
comparison between the TE and TM spectra of the IWQW material, for the same 
current density, it can be observed that: (i) The TM mode has lower peak gain in 
comparison to the TE mode. (li) The peak gain obtained for the TM mode is at a 
shorter wavelength in comparison to the TE mode. These differences in the TE 
and 1M gain spectra can be interpreted by using the selection rule for optical 
transition, which suggests that the TE polarised gain arises from both electron-
heavy hole and electron-light hole recombination, where the polarisation is 
parallel to quantum well layers, and that the 1M polarised gain is associated only 
with electron-light hole recombination, where the polarisation is perpendicular to 
quantum well layers [11]. 
Although the TE mode is associated with both lllI and LH levels, the IllI level 
dominates in the TE gain process. The 1M mode is associated only with the LH 
level. The larger TE gain in comparison to the TM gain (figure 4.19) is explained 
by the fact that the n=llllI level has larger density of states (DOS) than the n=1 
LH level, where the LH level is associated only with the TM mode. This is 
understood by equation 2.1 from Chapter 2, where for 1no.'3Gao.47As material the 
heavy-hole effective mass m~ = 0.46mo, which is 9 times larger in comparison 
to the light-hole effective mass, m~ = 0.OS03mo, associated with the TM mode, 
where mo is the free electron mass of 9.109 S * 1 0-31 kg [19]. 
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IWQW device: Peak gain coefficient versus the current density 
Using the values obtained from the IWQW net modal gain spectra (figure 4.19), 
the maximum TE and TM optical gain, corresponding to 6.7nm QW, is plotted 
as a function of injected current density, as illustrated in figure 4.4. The diamond 
(for TE), and triangle (for TM) marks in the figure represent the experimental 
points for the different injected current densities. The black line shows a good 
logarithmic fit corresponding to the experimental values. A decrease in the 
gradient of the slope of peak: TE gain-current density curve as pumping switches 
the material from loss to gain is clearly illustrated in figure 4.4. This effect arises 
from the step-like density of states of the quantum well, which leads to gain 
saturation with increasing current density [20]. From figure 4.4, it can also be 
seen that the TM mode gain is suppressed in comparison to the TE mode gain. 
The suppression of the TM mode gain is possible due to the strong two-
dimensionality feature of quantum wells, where in the past, it has been reported 
that the two-dimensionality of quantum wells increases monotonically with 
decreasing quantum well width, resulting in the TM mode being much more 
suppressed than the TE mode [21]. 
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Figure 4.4: IWQW peak TE and TM net modal gain (nrGw - lXj) corresponding 
to 6.7om QW emission, where • =TE • =TM peak modal gain curves. 
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For IWQW n=6, quantum well width Lw=6.7nm, Wmode = 500nm, resulting in 
confinement factor per well r =0.0l34 per well. 
The TE net modal gain GN as a function of logarithm current density is plotted to 
estimate the peak modal gain (Go), and transparency current density (Jtransp), for a 
single quantum well in the IWQW active region, as shown in figure 4.5. 
30~--------------------------------~ 
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X, (log scale) J (Acm-2) 10000 
Figure 4.5: IWQW Peak TE net modal gain (nfGw - lXj) versus 
injected current density (in log scale), where from the inset 
equation: y= TE net modal gain, x= current density injection J 
The expression mentioned in figure 4.5 is for the least square linear fit for the 
peak modal gain Vs log scaled current density, where y is the variable used to 
define the modal gain and x is used to define current density J. The value of 
constant Go is calculated from the gradient of the least square linear fit in figure 
4.5 and using equation 4.7 (with n=6 and r =0.0l34): nfGo = 26.96: Go= 
335cm-1 
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Using equation 4.7, for the y-axis intercept in figure 4.5, the net modal gain is 
given by: 
(4.11) 
The transparency current density Jtransp for each quantum well is calculated from 
the y-axis intercept in figure 4.5 and using equation 4.11 with the value of 
internal optical loss llj=2Icm-1 (see Chapter 5, section 5.2.3): 
-194.84 = -nrGo In(nwJ traIlS]» - 21 
Substituting numerical values obtained for n, r and Go gives: 
=> Jtransp= l06Acm-z; In addition, using equation 4.4: 10= 288Acm"2. 
IWOW Optical spectrum 
The optical spectrum of a 500J.l.m long broad area laser is shown below in figure 
4.6. It can be seen that the number of longitudinal modes doubles at current 
injection of 1.5 times above the threshold. The emission wavelength in both 
figures 4.6 (a) and (b) is centred around IS5'3om, which is closely matched with 
the calculated TE emission wavelength corresponding to the 6.7nm quantum 
well. 
(a) 
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Figure 4.6: Optical spectrum of a 500J.l.m long broad area laser (a) just above 
threshold (b) 1.5 times above threshold. 
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4.4.3.1 Spectral gain comparison with the theory 
The experimental results obtained for the IWQW device were analysed 
qualitatively by comparing them with the gain theory. As mentioned in section 
4.2.1, due to time constraints, the numerical figures in this project, required for 
theoretical gain measurements, were not fitted into the gain model. Instead, the 
experimentally obtain gain data, from this project, was compared with theoretical 
gain calculated by Keating et al. [I], who used the many-body gain model given 
in equation 4.1. Figure 4.7 shows the peak net modal gain versus injection 
current density plot for an IWQW InAlGaAs MQW structure obtained 
theoretically (and experimentally) by Keating et al. 
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Figure 4.7: Theoretical and experimental net modal gain (nrGw - £lj) versus 
current density calculated by the many body gain model by Keating et al. using 
IWQW InAlGaAs MQW structure [1]. 
From the modal gain comparison between the experimentally obtained modal 
gain in figure 4.4 and the theoretical net modal gain curve shown in figure 4.7, it 
can be seen that the results are approximately comparable. For example, the peak 
modal gain of IOcm-l was observed at around 1.9kAcm-2 in the experimentally 
obtained data (figure 4.4), whereas a peak modal gain of lOcm- l was calculated 
theoretically by Keating et al. using the many-body gain model at a current 
density of around 1. 3 kAcm-2. However, the difference observed between the 
experimental and theoretical gain measurements was likely because of the 
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differences in the optical confinement factor and QW width between the two 
structures. The Keating et al. modal had total optical confinement ofrlotaJ- 0.090 
and employed five InAlGaAs MQW of width 8.6nm. Where as, the IWQW 
device had rlotal- 0.0804 with six QWs of width 6.7nm each. 
Empirical theory comparison: The experimental values obtained for Go and Jo 
from the IWQW device was compared with that calculated by Whiteway et al. 
[3] in InGaAs/InAlGaAs/InP QW material. It was found that values of constants 
Go obtained from the IWQW multi-section device were 36% lower and for Jo 
60% higher in comparison to that calculated by Whiteway et al., who obtained 
Go=530cm-1 and Jo= 180Acm-2. 
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4.4.4 MWQW spectral gain measurements 
Following gain measurements in the IWQW material, the process was repeated 
again to obtain spectral gain measurements in MWQW devices. For MWQW 
material, three different wafer structures were employed. Wafer C was the first 
MWQW wafer grown in this project with the aim to investigate gain broadening 
in comparison to the IWQW wafer. The 'Mirror structures I wafer A and wafer 
B were designed to be identical except for a switch in location of the multiple 
width quantum wells in the active region, with the aim of carrying out spectral 
gain measurements and to observe differences in the gain spectra for reversing 
the QWs order in the active region. 
4.4.4.1 Spectral gain measurements in wafer A 
Wafer A: The multi-section device fabricated from wafer A was referred to as 
Device A. Example of an ASE spectra obtained from device A, with current 
density injection of J= 8kAcm-2, is shown below in figure 4.8. 
section 1,2 
.2 
rIl 
= ~ 
.5 
1475 1525 1575 1625 
Wavelength (run) 
Figure 4.8: ASE spectra for device A at current lOJection of 
J=8kAcm-2 from: pumping only the reference section to obtain Iref 
and forward biasing all three sections 1, 2, and 3 of the device 
simultaneously with the same current injection to obtain Ilotal . 
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The TE and TM net modal gain spectra were obtained from device A. which 
included the widest QWs of7.4nm width, with an emission peak centred around 
1586nm, on the p-side of the active region, the narrowest QWs of6.0nm width, 
with an emission peak centred around 1543nm, near the n-side and 6.7nm wide 
QWs with emission wavelength at 1560nm were located at centre of the active 
region between 6.0nm and 7.4nm wide QWs. The gain spectra obtained at 
current densities 2-10kAcm-2 for the TE and 3-9kAcm-2 for the TM mode, as 
shown in figure 4.20 (section 4.4.5). The following observations are made from 
figure 4.20 for the net modal gain spectra obtained from device A: 
• From the TE gain spectra (Fig. 4.20(a)) the widest quantum well (7.4nm 
in width) contributes to net modal gain before narrow QWs with current 
injection around 2.5kAcm-2 
• Up to current density of 5kAcm-2, the broader wells (7.4nm and 6.7nm in 
width) contribute to the gain more than the 6.0nm QWs. As the current 
density is further increased, the narrowest wells (6.0nm in width) in the 
active region, contribute to the net modal gain at current density just 
below 6kAcm-2• 
• For the same current density injection, the TE gain measured is around 
2.5 times higher than the TM gain. 
• The inhomogeneous gain broadening is evident from relatively broad 
gain spectra resulting from the inclusion of three sets of multiple width 
wells in the active region of device A. 
The behaviour of the TM gain spectra of device A (figure 4.20(b)), is similar to 
that observed for the IWQW TM gain spectra (Figure 4. 19(b)), where the gain 
peak of the TM gain spectra is at a shorter wavelength and is smaller than the TE 
gain spectra. For the same operating conditions, the TM gain spectra of device A 
shows higher gain than IWQW TM gain spectra. This may be explained by the 
lower carrier density requirement to occupy LHI state for the 7.4nm quantum 
well (for device A) in comparison to LHI state for the 6.7nm quantum well (for 
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IWQW device). The lower carrier density requirement to occupy LHl state for 
the 7.4nm QW than the 6.7nm QW is due to a decrease in the LHJ-HHl energy 
split when the QW width increases [23]. 
Device A: Gain coefficient versus the current density 
To analyse the gain contribution from the three sets of non-identical QWs in 
the active region of device A, maximum TE and TM net modal gain as a 
function of injected current density is plotted in equivalence to the emission 
wavelengths of 7.4, 6.7nm and 6.0nm QWs, as illustrated in figure 4.9. 
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Figure 4.9: Device A peak TE and TM net modal gain (nrGw -
~) versus current density corresponding to the emission 
wavelengths of7.4nm, 6.7nm and 6.0nm QWs. 
As seen from figure 4 .9, with increasing current density, the widest QWs 
(7.4nm in width) in the active region tend to saturation before the 6.7nm and 
6.0nm QWs. The 7.4nm, 6.7nm and 6.0nm QWs contribute to net modal gain 
at current densities of around 2.5kAcm-2, 3.5kAcm-2, and 5kAcm-2 
respectively. The peak TE gain contribution from the 7.4nm and 6.7om QWs is 
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equal at around current density of 5.5kAcm-2. Similarly, at current density of 
around 7kAcm-2, the peak TE gain contribution from the 7.4nm and 6.0nm 
QWs is equal, and for the 6.7nm and 6.0nm QWs gain contribution is equal at 
around IOkAcm-2. 
For a MQW laser diode to operate highly efficiently, the gain contribution 
from all the QWs in its active region should be equal [24,25]. As seen from 
figure 4.20, the proportion of peak gain contribution from all three sets of non-
identical QWs is closest at current density of 8kAcm-2, where the gain 
contribution from the 7.4nm, 6.7nm and 6.0nm QWs is 40, 50 and 40cm-1 
respectively. From figure 4.9, it is also observed that the TM gain suppression 
increases with decreasing QW width, where peak TM gain at a given current 
density for the narrower QWs in the active region is lower than that for the 
wider QWs. 
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Figure 4.10: Peak TE net modal gain (nrGw - ai) versus injected current 
density (in log scale) for the three sets of MWQW in the active region of 
device A. For inset equations: y=Peak TE net modal gain, and x= current 
density injection 1. 
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Figure 4.10 shows the peak TE net modal gain as a function of current density 
(in log scale), for all three sets of MWQW in the active region of device ~ to 
estimate the gain and current density constants Go and Jo respectively. In order 
to accurately estimate values of constants Go and Jo, it is usually assumed that 
the carrier distribution in all QWs is uniform [20]. Since the QWs in the active 
region of device A were not of identical width, the gain and current density 
constants were estimated by observing the TE gain curve (figure 4.20(a» 
where at 8kAcmoz, the proportion of gain contribution from all three sets of 
MWQWs is closest in comparison to other current density values. From the TE 
gain spectra at 8kAcmoz, the peak modal gain is closest to emission wavelength 
of6.7nm QWs than 6.0nm and 7.4nm QWs. Hence, using the gradient of least 
square linear fit for 6.7nm QWs (figure 4.1 0) values of Go obtained is: Go= 
527cmo1 • The value of Jtransp calculated from the y-axis intercept in figure 4.9 
and using equation 4.11 with value of internal optical loss CXi=28cmol (see 
Chapter 5, section 5.2.4.1): Jtnuup= 258Acmo2• The average r for each QW in 
the active region of device A was calculated at 0.0134. Hence, the total 
confinement ofMWQW structure A: r=0.0134 x 9 = 0.1206. 
MWOW device A optical spectrum 
In order to verifY the broadening of the gain spectra using MWQW material, 
optical spectra at varying current injections were obtained for a 500J,.lm long 
broad area laser, as shown in figure 4.11. It can be seen from figure 4.11(a) at 
current injection just above threshold, a wide optical spectrum is obtained. 
However, at current injection of around l.5 times above threshold (figure 
4.11 (b», the gain collapses at the laser emission wavelength corresponding to the 
7.4nm QW, which is located on the p-side of the active region. This observation 
demonstrates that the MWQW broad area laser A have strong non-uniform 
carrier distribution across its active region, where at high current injection above 
threshold, the laser is operating at 7.4nm wells with almost no contribution from 
the narrow 6.7 and 6.0 wells. 
85 
(a) 
1545 1550 1555 1560 1565 
Wavelength (run) 
(b) 
Chin coUapse to 7.4nm QW 
located on the p-s ide of the 
active regio~
suppressed 
optical nndes 
JL0j 
Chapter 4 
J 
1545 1550 1555 1560 1565 
Wavelength (run) 
Figure 4.11 : Optical spectrum of a 500J..l.m long broad area laser (a) just above 
threshold (b) 1.5 times above threshold. 
In comparison to the IWQW broad area laser (figure 4.6), at threshold, the 
MWQW device provides twice the number of longitudinal modes. However for 
the MWQW device A, at 1.5 times above the threshold, because the gain 
collapse at emission wavelength corresponding to 7.4nm well, the MWQW and 
IWQW optical spectra have approximately same number of optical modes. 
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4.4.4.2 Spectral gain measurements in wafer B 
The gain spectra measurements were repeated for wafer B, where the narrowest 
QWs in the active region, 6.0nm in width, was located on the p-side of the 
active region, and the widest QWs of 7.4nrn in width was located on the n-side 
of the active region. The 6.7nm QWs were located between 6.0 and 7.4nm 
QWs in the active region. The multi-section device fabricated from wafer B 
was referred to as Device B. Example of an ASE spectra obtained from device 
B, with current density injection of J= 3kAcm-2 is shown in figure 4.12. 
1475 
section \,2 and 3 
Itotal 
section \ 
Irer 
1525 1575 
Wavelength (nm) 
1625 
Figure 4.12: ASE spectra obtained from device B for 
current injection of J= 3kAcm-2 from: pumping only the 
reference section to obtain Iref and forward biasing all 
three sections 1, 2, and 3 of the device simultaneously 
with the same current injection to obtain Ilotal. 
Gain spectra obtained at a series of current densities 1.5-5kAcm-2 for the TE, 
and 1,3, and 5kAcm-2 for the TM mode, are illustrated in figure 4.21 . The net 
modal gain spectra obtained for device B, is shown in figure 4.21. 
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Following observations were made from figure 4.21 for the TE and TM gain 
spectra obtained from device B: 
• The 7.4nm contribute to the net modal gain before the narrow QWs (6.7 
and 6.0nm) at current injection just below 1.5kAcm-2• 
• For the same operating conditions, the TE gain is around 2.5 times 
higher than the TM gain. 
• Between current densities of 3-5kAcm-2, the TE gain peak is centred 
around the 6.0nm QWs. 
• The narrowest QWs in the active region (6.0nm in width), contribute to 
the gain at around current density injection of around 2kAcm-2• 
• The 6.7 and 6.0nm QWs in the active region, contributes to the gain at 
current densities of around 1.5 and 1.8kAcm-2 respectively. 
• Above current density of 3kAcm·2, the peak gain contribution from the 
narrowest QWs (6.0nm in width) is larger than the gain contribution 
from the 6.7 and 7.4nm QWs. 
Device B: Peak gain coefficient versus the current density 
Figure 4.13 shows the maximum TE optical gain as a function of injected 
current density in equivalence to the emission wavelengths of 7.4, 6.7 and 
6.0nm QWs in the active region of device B. From figure 4.13, the behaviour 
of the peak TE modal gain for all three multiple-width QW layers in the active 
region of device B, is similar to that observed for device A, where the wider 
wells contribute to the net modal gain at a lower current density than the 
narrower QWs in the active region. In addition, similar to the observations 
made in figure 4.9 for device A, the wider QWs in the active region of device 
B tends to saturation faster than the narrower QWs in its active region. The 
7.4nm, 6.7nm and 6.0nm QW layers contribute to the net modal gain at current 
densities of around 1.0, 1.5 and 1.8kAcm-2 respectively. The proportion of peak 
gain contribution from all three sets of non-identical QWs is closest at current 
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density of2.5kAcm-2, where the gain contribution from the 6.0nm, 6.7nm and 
7.4nm QWs is 20,23, and 16cm-' respectively. 
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Figure 4.13: Device B peak TE net modal gain (nrGw - lXi) 
versus current density corresponding to the emission 
wavelengths of6.0nm, 6.7nm and 7.4nm QWs. 
Figure 4.14 shows the peak TE net modal gain as a function of current density 
(in log scale) for device B. The value of Go and Jo was obtained using a similar 
approach to that used for device A. From the TE gain spectra (figure 4.21(a)), 
the proportion of gain contribution from all three sets of MWQW is closest at 
2.5kAcm-2. The gain contribution difference from the 6.0 and 6.7nm QWs is 
however only 3cm-', but it can be clearly observed that between 3-5kAcm-2, the 
modal gain calculated from device B is dominated by the 6.0nm QWs. This 
observation was in contrast to that observed for device A, where the 6.7nm 
QW dominated the gain contribution at higher current injection above 8kAcm-
2 
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Figure 4.14: Peak TE modal gain (mGw - a.) versus injected current density (in 
log scale) for the three sets ofMWQW in the active region of device B. For inset 
equations: y=peak TE net modal gain, and x= current density injection 1. 
Hence, for device B, the constants Go and Jtransp were calculated using the 
gradient ofleast square linear fit for 6.0nm QW (figure 4.14), and of internal 
optical loss <l.j=24cm-1 (see Chapter 5, section 5.2.4.2). The value of Go= 
549cm-1 and, J tranp=144Acm-2 were obtained for device B. Since both devices 
A and B had identical sets ofQWs of widths 6.0, 6.7 and 7.4nrn in width, the 
total optical confinement of MWQW structure B was assumed to be similar to 
that calculated for structure A of 0.1206. 
The gain obtained from device B is comparable with the theoretical gain 
calculations from the Keating et al. model [1], where a net modal gain value of 
IOcm-1 was obtained at I.3kAcm-2 from the many-body gain model and 
1.9kAcm-2 for the multi-section device B (figure 4.13). 
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MWQW broad area laser B optical spectrum 
Figure 4.15 shows the optical spectrum of a 200~m long broad area laser B. It 
can be seen that just above threshold (figure 4.15(a)), the laser is operating at 
wavelength around 1530nm, however at 1.5 times above threshold, the laser is 
operating at shorter wavelength «1525nm). This is because the broad area 
laser B has a narrow 6.0nm wells on the p-side of the active region. 
(a) 
1510 1515 1520 1525 1530 1535 1540 
Wavelength (run) 
(b) 1.5Ulh 
1510 1515 1520 1525 1530 1535 1540 
Wavelength (run) 
Figure 4.15: Optical spectrum of a 200~m long broad area laser B (a) just above 
threshold (b) 1.5 times above threshold. 
Observations made from the optical spectra obtained for broad area laser A 
(figure 4.11) and B (figure 4.15), shows that the location of QWs in the active 
region in a MWQW structure is an important factor in operation wavelength of 
the laser, where laser operates at wavelength corresponding to the quantum 
well located on the p-side of their active region. 
91 
Chapter 4 
4.4.4.3 Spectral gain measurements in wafer C 
The gain spectra measurements were finally carried out for wafer C, where the 
narrowest QWs in the active region, 3.0nrn in width, were located near the n-
side of the active region, the widest QW of 9.0nrn in width was located near 
the p-side of the active region and the 4.5nm QWs were located in between the 
3.0nm and 9.Onrn wide QWs. The multi-section device fabricated from wafer C 
was referred to as Device C. Example of an ASE spectra obtained from device 
C, with current density injection of J= 7kAcm-2 is shown in figure 4.16. 
........ 
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-c 
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= ~ 
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1350 
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1450 1550 1650 
Wavelength (om) 
Figure 4.16: ASE spectra obtained from device C for current 
injection of J=7kAcm-2 from: pumping only the reference section to 
obtain Iref and forward biasing all three sections 1, 2, and 3 of the 
device simultaneously with the same current injection to obtain I total . 
Figure 4.22 shows the TE modal gain spectra for device C at a series of current 
densities between 5-lOkAcm-2. As seen from the figure 4.22, the net modal 
gain contribution for device C, corresponding to the emission wavelength of 
9.0nm QW, is around 5kAcm-2. Inhomogeneous gain broadening was observed 
with increasing current density. The gain contribution from the 4.5nm QW is 
not obvious until the current injection reaches around 9kAcm-2. Due to the 
extremely high transparency current density requirement for device C, the gain 
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contribution from the 3. Oom QW s, corresponding to the calculated emission 
wavelength, was not obtained from the experiment. 
For comparative operative conditions, the full width half maximum (FWHM) 
of device C, in comparison to the IWQW device, was around 2.4 times 
broader. Similarly, in comparison to devices A and B, the FWHM was around 
1.9 and 2.4 times respectively broader. The values of Go and Jtransp for device C 
were not easy to analyse qualitatively because of poor gain contribution from 
the 4.5nm QWs and 3.0om QWs in the active region of device C. 
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Figure 4.17: Peak TE modal gain (ruGw - lli) versus injected current density 
(in log scale) for the 9.0 and 4.5nm MWQWs in the active region of device C. 
Inset equations: y=peak TE net modal gain, and x= current density injection J. 
From the TE gam spectra of device C (figure 4.22) most of the gain 
contribution between 5-9kAcm-2 current densities was from the 9.0nm QW. 
Hence, the values of Jo and Go constants were roughly estimated from the 
gradient of the least square linear figure for the 9.0nm QW, as illustrated in 
figure 4.17, with Go= 182cm-1 and Jtnmsp= 760Acm-1. 
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MWOW broad area laser C optical spectrum 
Figure 4.18 shows the optical spectra at two different current injections of a 
500Jlm long broad area laser C. It can be seen that just above threshold (figure 
4.l8(a», the laser is operating on the wide 9nm QW, which is located on the p-
side of the active region with no laser contribution from the narrow 4.5 and 
3.0nm QWs. At current injection of 1.7 times above threshold, the optical 
spectrum is operating inhomogeneously covering approximately 50nm of the 
gain bandwidth and is approximately 5 times wider in comparison to the 
optical spectrum obtained just above threshold. 
(a) 
1520 1540 1560 
Waveleng1h (om) 
(b) 
1580 1520 1540 1560 
Wavelength (run) 
J.7tJ .... 
\ 
1580 
Figure 4.18: Optical spectrum of a 500Jlm long broad area laser B (a) just above 
threshold (b) 1.7 times above threshold. 
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4.4.5 Gain spectra for all devices 
4.4.5.1 TE and TM Gain spectra for the IWOW device 
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Figure 4.19: IWQW (a) TE and (b) TM net modal gain (nrGw - l¥i) spectra at 
various current injection. 
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4.4.5.2 TE and TM Gain spectra for the MWOW device A 
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Figure 4.20: MWQW device A (a) TE and (b) TM net modal gain (nrGw - lXj) 
spectra at various current injection. 
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4.4.5.3 TE and TM Gain spectra for the MWQW device B 
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Figure 4.21: MWQW device B (a) TE and (b) TM net modal gain (nrGw - (Xj) 
spectra at various current injection. 
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4.4.5.4 TE Gain spectra for the MWQW device C 
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Figure 4.22: MWQW device C TE net modal gain (nrGw - lXj) spectra at 
various current injection. 
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4.5 Carrier distribution in mirror structures 
As discussed in chapter 2 (section 2.4.4.1), mirror structures are commonly used 
to study the unifonnity of carriers in various material systems [26-29]. Mirror 
structures are where two devices have identical structures, except where the 
active region of one structure is a mirror image of the other structure (i.e. 
quantum wells sequence is reversed). To ensure all the wells in a MWQW 
structure contribute to the gain equally, the distribution of carriers across the 
active region should be uniform, hence providing a broad gain spectrum. 
Figure 4.23 shows the FHWM obtained from the IE gain spectra for the mirror 
devices A and B. In ideal situation, for devices A and B, carrier distribution 
across the active region should be uniform, regardless of the layout of QWs in 
the active region. This consequently should then provide identical gain spectra 
for both devices. Hence, to investigate the unifonnity of carriers, FWHM 
comparison of the spectral gain curves was carried out between devices A and B. 
The current densities shown in figure 4.23 are comparable, where for zero net 
modal gain contribution at current density IN for devices A and B are 2.5kAcm-2 
and l.OkAcm-2 respectively. The current density for zero net modal gain 
contribution, IN, for both devices was measured with respect to the widest 7.4nm 
QWs in their active region. This can be understood by wide QW reaching 
transparency at lower current injection than the narrow QWs [4], where DOS for 
wide QW is smaller than the narrow QW (see Chapter 2, equation 2.1). From 
figure 4.23, at UN, both devices A and B have approximately the same FWHM 
of 36nm. However, with increasing current density injection, the FWHM 
obtained for device A gets wider in comparison to device B. For example, at 
current density injection four times above IN (4JN), FWHM obtained for device 
A was 86nm, which in comparison to 68.6nm for device B was 22% wider. 
Since all three sets of QWs (in both MWQW structures) contribute to gain 
centred around at different wavelengths, broader FWHM obtained for device A 
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in comparison to device B implies that QWs in active region of device A 
contributed more efficiently to the gain, in comparison to QWs in active region 
of device B, thus providing a broader gain spectrum. 
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Figure 4.23: FWHM versus current density IN for devices A and B. 
Where IN for: device A= 2.50kAcm-2 and device B= 1.0kAcm-2. 
From the TE gam spectra for device A (figure 4.20(a), the peak gam 
contribution obtained at 4JN from 7.4, 6.7 and 6.0nm QWs in the active region is 
4S.S, 63.27 and 6 1. 34cm-1 respectively~ where as, the gain contribution from 6.0, 
6.7 and 7.4nm QWs in the active region of device B (figure 4:21(a)) at 4JN is 
65.S9, 50.01 and 30.S9cm-1. These figures shows that, at current injection of 4JN, 
the gain contribution is more uniform across the active region in MWQW device 
A than device B. Similar behaviour in mirror structures has been reported 
previously [27,29], where a MWQW structure with wide well on the p-side 
provides a better uniformity of carriers than having narrow wells on the p-side. 
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4.6 Conclusions 
In this chapter, spectral gam measurement compansons were carried out 
between MWQW and IWQW devices, using a multi-section technique [11,12] . 
For the IWQW device, the experimentally obtained gain data were compared 
with the many-body gain model design by Keating et al. [1]. On comparison, it 
was found that the experimentally obtained gain data approximately fitted the 
theoretical model. For example, the peak TE modal gain of IOcm-! was 
measured at 1.9kAcm-2 from the IWQW device, whereas a gain of IOcm-l was 
obtained at 1.3kAcm-2 using the theoretical gain model. The values for Go and 
10 obtained for the IWQW device were also compared empirically, where it 
was found that values for the Go and 10 obtained from the IWQW device were 
36% lower and 60% higher respectively, in comparison to that obtained by 
Whiteway et al. [3] in InGaAslInAlGaAs material system. For device B, the 
net modal gain value of IOcm-! was also experimentally measured at 1.9kAcm-
2, where for the many-body gain model it was calculated at 1.3kAcm-2. Table 1 
illustrates various results obtained from the spectral gain measurements in all 
four devices, including a comparison with the many-body gain model for 
modal gain of IDem-I. 
Table 1 
Device Go JInIDIp Net modal gain Spectral TE gain FWHM at 
(em-!) (Aem...:1) oflOcm-1 approximately 2.S times above 
obtained at J zero net modal gain contribution 
(kAem-1)" (nm) 
IWQW 335 106 1.9 54 
A 527 258 3.5 73 
B 549 144 1.9 56 
C 182 760 8 137 
• 
.. Keatmg et al. [1], usmg the many-body gam model, obtamed net modal gam of lOcm at current mJccbon 
of l.3lcAcm·2• 
From Table 1, for comparative operative conditions, the FWHM obtained for 
devices IWQW, A, B and C are 54, 73, 56, 137nm respectively. It can be seen 
that all the MWQW devices (A, B and C) provide a broader gain spectrum in 
comparison to the IWQW device. FWHM for device B was around 4% broader 
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in comparison to the IWQW device, whereas device A provided around 35% 
broader gain spectrum than the IWQW device. Although device C had the 
higher transparency current density Jtransp in comparison to the IWQW and 
MWQW devices A and B, it provided the widest gain spectrum in comparison 
to the other devices. The FWHM provided by device C, at 2.5 times above zero 
net modal gain contribution, was around 2.5, 1.9, and 2.4 times broader in 
comparison to devices IWQW, A and B, respectively. 
The value of Go for both devices A and B is about a third greater than the 
IWQW device. In addition, the value of Jtransp for device C, was larger than 
that obtained for other devices, where Jtransp for device C was around 7.1, 2.9 
and 5.3 times larger than that for devices IWQW, A and B, respectively. The 
value of Jtransp for IWQW was closely matched with device B. The value Jo for 
device A was around twice as that obtained for devices IWQW and B, which 
may be understood by diode turn-on voltage of 1.1 V, which was around SOOIo 
higher than standard tum on voltage for InP based diodes. 
The optical spectrum obtained from the mirror MWQW devices A and B 
showed that operating wavelength is dependent on the location of the QW, 
where the laser operated on wavelength corresponding to the quantum well 
located on the p-side of the active region. For example, device A was 
operating at emission wavelength corresponding to the 7.4nm QW and device 
B was operating at emission wavelength corresponding to the 6.0nm QW. 
To study carrier distribution across the active region of the MWQW structures, 
mirror devices A and B were employed where it was found that, for the same 
operating conditions, carriers were more uniformly distributed across the active 
region of device A than device B. For comparative operative conditions, 
FWHM obtained from the TE gain curve for device A was 22% broader than 
that for device B. The broader FWHM obtained for device A suggested more 
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efficient gain contribution from the MWQWs in the active region of device A 
than device B. 
Closely related to the optical gain are the measurements of the internal optical 
losses, which are described in the next chapter. 
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Chapter 5 
Internal optical loss and absorption coefficient 
measurements in InGaAslInAIGaAs IWQW and 
MWQW material 
5.1 Introduction 
The accurate measurement of the internal optical losses and the spectral 
absorption measurements of semiconductor material is important for the high 
performance of laser diodes. The necessity of minimising the waveguide losses 
is crucial in ensuring low threshold gain and hence low threshold current 
density for laser operation. The spectral absorption measurements are 
important to analyse the excitonic absorption feature in a multi-quantum well 
(MQw) structure, when electric-field is applied perpendicular to the quantum 
well (QW) layers. These measurements may give vital insight into the 
operation of the absorber section in the passively mode-locked semiconductor 
lasers, where the absorber section, when under reverse bias condition, plays a 
pivotal role in achieving mode-locked operation [1]. 
The aim of this chapter is to obtain the internal optical losses and to investigate 
the spectral absorption measurements in identical width quantum well (IWQW) 
and multiple width quantum well (MWQW) material. To validate the internal 
optical losses obtained experimentally for conventional IWQW 
InGaAslInAlGaAs material, they will be compared with theoretical optical 
losses calculated by Keating et al. in lattice matched InAlGaAs material at 
1550nm [2]. The spectral absorption measurements in MQW structure, which 
involve studying the quantum confined Stark effect (QCSE), are also 
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investigated in InGaAslInAlGaAs material system by applying electric fields 
perpendicular to the quantum wells. Both the optical losses and absorption 
coefficient measurements are obtained by employing the multi-section device 
technique employed in chapter 4 for the spectral gain measurements. 
The initial section of this chapter explains the technique used to obtain optical 
losses using a multi-section device. This is followed by presentation of the 
optical loss measurements in both IWQW and MWQW devices. After this, the 
absorption co-efficient measurement technique is described, with absorption 
co-efficient measurements in the IWQW and MWQW (device C) devices. The 
final two sections bring the conclusions and references of this chapter. 
5.2 Internal optical loss measurements 
5.2.1 Introduction 
The internal optical losses mostly account for the free carrier loss, optical 
absorption from the cladding layers and losses due to the carrier scattering. The 
conventional method of determining the internal optical losses, ai, is from 
measurements of the external quantum efficiency of the broad area lasers of 
different cavity lengths. This protocol however, does not take into account the 
variation of threshold current density with device length. Piprek et al. [3] 
reported on the internal quantum efficiency being affected by the cavity length, 
and since internal losses are related to internal efficiency (see chapter 3, 
equation 3.10), it is likely that internal losses may vary with current injection. 
Another method to obtain the value of internal optical losses is by determining 
the transparency level at a given current density by finding the intersection of 
the gain curves in both TE and TM gain spectra, under the assumption that the 
TE and TM optical gain is equal only for conditions when material gain is zero 
[2,4,5]. However, the optical losses obtained with this approach may not be 
entirely reliable because of noise near the gain tail due to low signal to noise 
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intensity and losses being polarisation dependent, for certain range of 
wavelengths. 
5.2.2 Internal optical loss measurement technique 
The multi-section device technique described in Chapter 4 to carry out spectral 
gain measurements can also be used to carry out the internal optical loss ai, 
measurements of the quantum well material. This method has previously been 
used to carry out the optical loss measurements in various other material 
systems [6-11]. 
For internal optical loss measurements, instead of increasing the active length of 
the cavity, every individual section of the device is pumped in sequence with the 
current density J, thus increasing the passive length of the device. As shown in 
figure 5. 1, only sections 1 and 2 of the device were employed to carry out 
internal loss measurements, where sections 3 and 4 are left unbiased throughout 
this experiment. 
Scribed J2 50~~~----~---~ ~----~ 
ection 4 Section 3 Section 2 Section 1 
Figure 5.1 : Layout of multi-section device for optical loss measurement 
The first task involves obtaining a reference spectrum [ref, identical for all 
sections provided that they are pumped with the same current density. The 
reference spectrum Iref is obtained using a similar approach as that used for 
carrying out gain measurements in Chapter 4 i.e. pumping section 1 with current 
density J1=J and section 2 with 12=0. This action is followed by pumping only 
section 2 of the device with current density J2=J, and leaving section 1 unbiased 
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and obtaining intensity spectrum Ia. Using this method, transmitted light 
intensity la, produced from pumping section 2, will travel down the waveguide 
to the edge of the sample with the intensity decreasing accordingly to the 
following relation: 
(5.1) 
Where a is internal loss coefficient over a range of wavelength A and L is the 
optical path length measured from the pumped section to the sample edge. 
5.2.3 Internal optical loss measurements using IWQW device 
For the internal optical loss measurements using an IWQW device, amplified 
spontaneous emission (ASE) lrerand la, for the TE and TM mode, collected from 
the edge of the device are shown in Figure 5.2 (a). The emission spectrum from 
section 2 (Lx), which is transmitted through section 1, shows a significant 
reduction in output intensity due to optical losses experienced within section 1. 
Figure 5.2 (b) shows the TE and TM optical loss spectra, which were calculated 
using data gathered from ASE spectra in Figure 5.2(a) and using equation 5.1. 
Observations made from the optical loss spectra (figure 5.2(b» are as follows: 
The strong optical mode loss at shorter wavelengths consists of modal absorption 
due to transition from valence to conduction band, and absorption of the optical 
mode in the cladding layer. At shorter wavelengths, optical losses are 
polarisation dependent, where the TE and TM mode experiences different optical 
losses over a corresponding range of wavelengths. At wavelength region below 
1 575nm, the TE mode experiences far greater optical losses in comparison to the 
TM mode, for example at 1 560nm wavelength, the TE mode experiences around 
2.6 times higher losses in comparison to the TM mode. 
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The value of internal optical loss a.j is detennined from the part of the spectra 
unaffected by the absorption in the quantum well region, which is below the 
band edge, where the losses are independent of the wavelength [9]. From figure 
5.2 (b), it can be seen that the internal losses are polarisation independent at 
around 1610nm, where the value of the TM loss is equal to the TE loss. 
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Figure 5.2: IWQW (a) Amplified Spontaneous Emission spectra; the raw data 
used to calculate the optical loss and (b) spectral TE and TM internal optical 
losses. Variables IreF reference spectrum, Ia= light intensity from section 2. 
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The value of the internal optical loss obtained from figure 5. 2(b) is 21 ± 2cm -1 for 
both the TE and TM mode. In order to validate the value of the internal optical 
loss obtained experimentally for InGaAslInAlGaAs IWQW device, it was 
important to compare it with internal optical losses obtained theoretically. This 
was achieved by comparing them with theoretical optical losses obtained by 
Keating et aJ. for latticed matched InA1GaAs material centred around 1550nm 
[2]. Figure 5.3 shows both theoretically (and experimentally) obtained TE 
internal optical losses versus current injected. 
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Figure 5.3: Theoretical and experimental TE optical 
losses for a latticed matched InA1GaAs MQW structure 
centred around 1550nm [2]. 
The value of Uj obtained for IWQW material in Chapter 3 (section 3.3.1.2), 
using the conventional method by employing broad area lasers, of 39cm-1 is 
approximately twice as high in comparison to that obtained by the multi-section 
device technique. In comparison to the conventional loss measurement 
technique, the multi-section device provides accurate optical losses. This is 
verified by the optical losses, obtained using multi-section device technique, 
being in good agreement with the theoretical optical losses obtained by Keating 
et al. [2], where value of21± 2cm-1, was within 10% of optical losses obtained 
theoretically. In addition both Issanchou and Barrau [12], and Whiteaway et al. 
[13] obtained internal losses of 27cm-1, in InGaAs/InAJGaAs MQW structure, 
which were around 6cm-1 higher than losses obtained for IWQW structure. 
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5.2.3.1 Optical loss dependence on temperature 
Internal optical losses, which are known to be dependent on temperature [14], 
were studied by changing the heat sink temperature, as illustrated in figure 
5.4(a). From figure 5.4(a), internal optical losses, below the band edge increase 
with temperature. 
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Figure 5.4 (a) Optical loss spectra at three different temperatures 
(b) Optical loss spectra for section 2 and section 3 passive lengths 
of the multi-section device. 
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Figure 5.4(b) shows the TE loss spectra calculated, at the room temperature, for 
two passive lengths of200~m (where section 1 and 2 are employed) and 400~m 
(where section 1, 2 and 3 are employed). It can be seen that the internal optical 
losses are approximately identical for both lengths of the multi-section device, 
hence ensuring the losses are accurately calculated with increasing passive 
length of the device. Figure 5.5 shows an example of internal losses obtained at 
two different wavelengths, 1560nm and 1630nm. 
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Figure 5.5: The TE internal optical losses versus temperature, at wavelengths 
above (IS60nm) and below (1630nm) the band edge. 
Figure 5.5 shows the TE intemallosses versus heat sink temperature, where it 
can be seen that the internal losses increase with temperature. At 1630nm, the 
value of optical losses obtained are 17, 19.31 , and 21.48cm-1 corresponding to 
operating temperatures of 14, 19 and 24°C respectively. The increase in the 
internal losses with temperature is related to increase in the free carrier 
absorption, and penetration of light in the inactive region of the structure. 
5.2.4 Internal optical loss measurements using MWQW devices 
For MWQW semiconductor material, the multi-section device fabricated from 
wafers A and B were employed to carry out the optical loss measurements. 
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5.2.4.1 Device A optical loss measurement 
Device A had nine wells in its active region, with the widest QWs on the p-side 
of the active region. Figure 5. 6( a) shows the Iref and Lx, for the TE and 1M mode, 
collected from the edge of the device, obtained from device A. The TE and 1M 
internal optical loss spectra were then obtained using equation 5. 1, as illustrated 
in figure 5.6(b). 
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Figure 5.6: MWQW (a) Amplified Spontaneous Emission 
spectra; the raw data used to calculate the optical loss and (b) 
spectral TE and 1M internal optical losses. 
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From figure 5.6(a), the value of the optical loss can be obtained from 
wavelengths beyond 1625nm, which is below the band edge of the QWs. The 
value of the optical loss obtained for device A, at room temperature, is around 
28cm-1 for both TE and TM modes. This value is around 7cm-1 higher in 
comparison to that obtained for the IWQW device. The internal losses obtained 
for wafer A, in chapter 3 section 3.3.2.2, is 75cm-1, which is approximately 2.6 
times larger in comparison to the multi-section device technique. 
5.2.4.2 Device B optical loss measurement 
The internal optical loss measurements were finally carried out using device B, 
which had the narrowest QWs (6.0nm in width) on the p-side of the active 
region. The Iref and Lx spectra, the raw data, for the TE and TM mode, collected 
from the edge of the device are shown in figure 5.7(a). This raw data was then 
used to calculate the optical loss, shown in figure 5.7(b). 
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Figure 5.7(a) Amplified spontaneous emission spectra from device B. 
From figure 5.7(b), the value of aj for device B, determined from the long-
wavelength region of the internal loss spectra at room temperature, is 24cm-1• 
Again as observed for the IWQW device and device A, the absorption factor is 
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higher for the TE in comparison to the TM mode at shorter wavelengths « 
1585nm). The value of the internal loss observed for wafer B was only around 
3cm-1 higher than the value obtained for the IWQW device. The small increase 
in internal loss of 3cm-1 obtained for device B, in comparison to the IWQW 
structure, showed that the internal optical loss do not show a significant increase 
by inclusion of quantum wells of different width in its active region. 
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Figure S.7(b): The TE and TM internal loss spectra of device B obtained at room 
temperature. aj= 24cm-1 denotes the value for the intrinsic optical loss. 
The value of aj obtained for MWQW material B in Chapter 3 (section 3.3.3.2), 
using the conventional method by employing broad area lasers, of 40cm-1 is 
approximately twice as high in comparison to that obtained by the multi-section 
device technique. 
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Figure 5.8: TE internal optical losses versus temperature for device B, at 
wavelengths 1600nm (below band edge) and 1630nm (above band edge). 
The plot obtained from the internal optical loss dependence on temperature is 
show in figure 5.8. The behaviour of device B TE losses for temperature is 
similar to that observed for the IWQW spectra in figure 5.5, where TE losses 
changes with temperature. For 1630nm wavelength (below the band edge) the 
internal optical losses obtained at 37, 24, and 14°C are 29, 26, and 20cm·1 
respectively. 
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5.3 Spectral absorption measurements 
5.3.1 Introduction 
In order to investigate the differences in the excitonic effects between 
conventional IWQW and MWQW material, spectral absorption measurements 
were carried out by employing the IWQW device and device C (MWQW). The 
following section presents a brief description of the Stark effect. This is followed 
by the technique employed to carry of absorption measurement. After this, the 
spectral absorption measurements are presented in both IWQW and MWQW 
devices. 
5.3.2 Quantum-confmed Stark effect 
In direct bandgap semiconductor quantum well lasers, the optical transition close 
to the fundamental gap are governed by excitonic effects, where the pairs of 
electrons and holes, known as excitons, bounded by coulomb interaction, play an 
important role. 
Under the influence of the 
electric field (figure 5.9), 
perpendicular to the QW 
layers, the maxima of the 
electron and hole wave 
functions are shifted in the 
opposite sides of the well 
resulting m absorption 
band edge shift to longer 
wavelength and reduction 
in the energy bandgap, this 
process IS known as 
quantum confined Stark 
effect (QCSE) [15]. 
(a) 
QW- No applied 
Electnc 
field 
2 (b) 
Figure 5.9: Schematics of (a) Quantum well 
structure without any E-field applied (b) 
Quantum structure with quantum-confined 
Stark effect. [15], where Eg is the energy 
bandgap and E;~ is the energy gap between n= 1 
state in both conduction and valence band. 
120 
Chapter 5 
5.3.3 Absorption coefficient measurement technique 
The multi-section device technique used to obtain spectral gain (chapter 4) and 
optical loss measurements in the last section, was employed again to carry out 
spectral absorption measurements in the IWQW and MWQW (device C) 
InGaAslInAlGaAs material system. 
The spectral absorption coefficient aF for InGaAs/InAlGaAs material is obtained 
as follows: Section 2 (the source section) of the multi-section device is pumped 
with current density h =J and a reverse bias voltage Vbias is applied to section I 
(the probed section), which results in obtaining intensity spectrum laF. To ensure 
single pass measurements, sections 3 and 4 were left unbiased throughout the 
experiment. Schematic of the multi-section device to carry out spectral 
absorption measurements is shown in figure 5.10. The reference spectrum Iref is 
obtained using a similar method used in gain and optical loss measurements 
simply by pumping section 1 with current density J)=J and section 2 with 17=0. 
The absorption coefficient spectrum can then be calculated using the following 
formula: 
Scribed 
fae t 
Section 4 Section 3 
l 
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(5.4) 
'1 
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Section 1 
Figure 5.10: Multi-section device used for absorption co-efficient measurement 
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5.3.3.1 IWQW spectral absorption measurements 
The emission spectra IaF were recorded for both the TE and TM emissions with a 
reverse bias, applied to the probed section, ranging from 0 to 136kVcm-1 (1 -6V). 
The spectral absorption measurements obtained for both the TE and TM 
emissions are shown in figure 5.11. 
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Figure 5.11: Spectral absorption co-efficient for (a) TE and (b) 
TM measurements in InGaAslInAlGaAs IWQW device. 
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A low signal-to-noise ratio prevented an accurate portrayal of the absorption 
curve at wavelengths below 1540nm. The results therefore in figure 5.11, only 
show measurements that did not suffer from the higher noise level. However, the 
Stark shifts for both the TE and TM modes were clearly observed. 
From figure 5.11, for both the TE and TM spectra, the presence of the exciton 
absorption peaks at the band edge is clearly visible. It can also be seen that as an 
electric field is applied perpendicular to the plane of the QWs, it causes the 
exciton absorption peak to red shift, accompanied by a reduction in the peak 
absorption and a broadening of the absorption line-width. This behaviour of the 
exciton broadening and shifting is in accordance with the QCSE [16,17]. From 
the TE absorption co-efficient spectra (Figure 5.11 (a», the n=1 heavy hole and 
light hole peaks should be present. The light hole peak however is not as highly 
resolved as the heavy hole peak. Energy separation between the TE and TM 
peaks was theoretically calculated to be 22.32meV, using a Schroedinger solver. 
From figure 5.11 the difference in the energy separation between the EI-HHI and 
EI-LHI obtained experimentally is calculated at 18meV. This difference in the 
energy separation is closely matched with that obtained theoretically. 
Figure 5.12 shows the shift observed for the exciton peaks with an increasing 
electric field. Previous work in QCSE has reported on the Stark shift of the 
absorption peak scales with the square of the applied field [18]. This trait can 
also be seen from figure 5.12 for both the TE and TM absorption peak shift with 
respect to the applied field. 
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Figure 5.12: The energy shift of the exciton absorption peak as a function of 
applied field . 
5.3.3.2 MWQW spectral absorption measurements using Device 
C 
MWQW device C, which in comparison to the other MWQW devices A and B 
provided the broadest gain spectrum, was employed to study the major 
differences in absorption behaviour between IWQW and MWQW devices. 
Figure 5. 13 shows the spectral absorption measurements carried out for both the 
TE and TM mode. The energy gap separation between HH.-LH. for device C 
was 15.6meY. This experimentally obtained energy separation was smaller than 
that obtained for the IWQW device. 
It was found from figure 5.13 that the exciton absorption edge shifts for device C 
towards the lower energy (long wavelength), with respect to the increasing 
electric field, was nearly three times larger in comparison to IWQW device. 
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The observed energy shift due to band tilting was plotted versus the applied 
electric field, for both the TE and TM spectra, as illustrated in figure 5,14. These 
shifts were recorded relative to the flat-band condition. Applied reverse bias of 
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1 OOkV cm- l resulted in the exciton absorption peak shift of around 40me V for TE 
and 30meV for TM mode 
At flat-band conditions, when no electric field is applied to QWs, with built in 
field of around 12.81kVcm- l , the value of the absorption co-efficient obtained 
for both the MWQW and IWQW device were approximately the same for both 
the TE and TM spectra of values 250 and 200cm-l , respectively. 
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Figure 5.14: The energy shift of the exciton absorption peak as a function of 
applied field. 
The energy shift observed for both the IWQW (figure 5.12) and MWQW (figure 
5.14) devices, for both the TE and TM modes, were scaled with the square of the 
applied field . The major differences observed from the TE and TM absorption 
spectra for both the IWQW and MWQW device are as follows: 
• The exciton peak was broader for the MWQW device than the IWQW 
device. 
• The excitonic peak shift observed for the MWQW device was larger in 
comparison to that observed for the IWQW device. For example, when 
the QWs were subjected to an electric field of 100kVcm-1, a red shift of 
around 40me V was observed for the MWQW TE absorption peak in 
comparison to only 16meV for the IWQW device. 
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The larger broadening effect observed for device C, than the IWQW device, 
indicates that the QCSE became more comparable with the Franz-Keldysh 
effect, which is referred to as Quantum confined Franz-Keldysh effect (QCFK) 
[19]. The wider quantum wells in comparison to narrow quantum wells provides 
larger Stark shift [17]. Hence, a possible explanation for the larger shift that was 
observed in the absorption spectra of device C, in comparison to the IWQW 
absorption spectra, was because device C have a wide 9.0nm QW on the p-side 
of the active region, which dominates in providing a greater Stark shift in 
comparison the narrow 6.7nm QWs in the IWQW structure. In addition, the 
indirect transition between wide and narrow quantum wells increases with 
reverse biased electric-field. In MWQW structure, at zero applied electric-field, 
the ground electron and hole state are localised in wider quantum wells in the 
active region. This however changes with increasing electric-field when the 
ground electron state becomes localised in the narrow wells [20]. In addition, 
with increasing electric field, the overlap integral of electron and holes 
wavefunction are in general non-zero, whiclf results in the forbidden transitions 
becoming stronger and contributing to the electroabsorption properties of the 
system [19]. 
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5.4 Conclusions 
Internal loss measurements: Table 1 shows the results obtained for internal 
optical losses for devices IWQW, A and B using both conventional broad area 
laser and multi-section device technique. 
Table 1 
Devices Value of at from Value or at using Difference of muJti-section 
Chapter 3 using broad multi-section device losses with theoretical 
area lasen (em-I) device (em-I) losses (al = 2J±2c:m·1) (2). 
IWQW 39.6 21 2cm-1 lower 
A 75 28 Scm-' higher 
B 40 24 1 cm-' higher 
It can be seen from the table that when compared to theoretical losses in 
InAlGaAs material system obtained in reference2, the multi-section device 
technique provides more accurate value of internal optical loss measurement 
than using broad area lasers. For the IWQW device, the experimental results 
obtained were compared with theoretical results calculated by Keating el al. in 
latticed matched lnAlGaAs MQW structure centred around 1550nm [2]. It was 
found that the value of optical loss, obtained at room temperature using the 
multi-section device, of around 21cm-1 was within 10% of optical losses 
calculated theoretically by Keating et al. This therefore validates both the multi-
section device technique used to obtain optical losses, and the theoretical 
technique developed by Keating et al. Internal optical losses obtained for the 
MWQW devices A an B were around 7 and 3cm-1 higher than IWQW device, 
respectively. The higher losses for device B, in comparison to the IWQW device, 
may have resulted because of inclusion of the three extra quantum well layers in 
its active region, hence an increase in the scattering losses, resulting in an overall 
increase in the internal losses. However, for device A, inclusion of three extra 
quantum well layers (in comparison to IWQW device) as well as high turn-on 
diode voltage of l.1 V (Chapter 3), implies that the epi-layers were highly 
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resistive in comparison to the other wafer structures, which in result may have 
contributed to higher optical loss. 
Temperature dependence: It was found that the optical losses are dependent on 
the operating temperature of the device. The value obtained for the optical loss 
increased with temperature, which suggests that the temperature rise in the active 
region increases the free carrier absorption and carrier scattering rate. 
Spectral absorption measurements: Valuable results were obtained from the 
spectral absorption co-efficient measurements in both the IWQW and MWQW 
InGaAs/InAlGaAs devices. The net modal absorption coefficient value, at zero 
applied electric-field, of250cm"1 for the TE mode and 200cm"1 for the TM mode 
were obtained for both the MWQW (device C), and IWQW devices. The exciton 
peak, at similar operating conditions, obtained for MWQW device was broader 
than the IWQW device. In addition, MWQW device offered around 2.5 times 
larger excitonic peak shift in comparison to IWQW device, when subjected to an 
electric-field of lOOkVcm"l. 
After studying the spectral gain (chapter 4), internal optical losses and absorption 
measurements in both IWQW and MWQW devices, the next and final task 
involved investigating the MWQW material for mode-locked operation. 
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Chapter 6 
Investigation of broad gain spectrum MWQW 
InGaAslInAlGaAs material for colliding pulse 
mode-locked operation 
6.1 Introduction 
Multiple width quantum well (MWQW) semiconductor lasers have been 
successful in the past for achieving broad tunability (>50nm) [1], as well as 
studying carrier non-unifonnity across the active region of a multi-quantum 
well (MQW) lasers [2]. For mode-locked lasers, the width of an optical pulse is 
inversely proportional to its gain bandwidth, where broader gain bandwidth 
should provide shorter pulse width output. The aim of this chapter is to 
investigate the use of MWQW lasers in achieving colliding pulse mode- locked 
operation and to carry out pulse width measurement comparison with CPM 
devices made from conventional identical width quantum well (IWQW) 
material. Chapter 4 showed the inhomogeneous broadening of the gain 
spectrum, with the active region consisting of multiple width quantum wells. 
As mentioned in Chapter 3 (section 3.4), the optical quality of wafer A2 was 
better in comparison to other MWQW structures; hence, the MWQW CPM 
lasers were fabricated from wafer A2, which included wider QWs (7.4nm in 
width) on the p-side of the active region (for wafer structure see chapter 3, 
section 3.3.1). For the CPM operation of the MWQW laser A, it would be 
crucial to examine if the gain collapse, observed from the optical spectrum of 
broad area laser A in Chapter 4 (figure 4.11, section 4.4.4.1), at laser emission 
wavelength corresponding to the wide 7.4nm QW, would affect the pulse width 
obtained from the CPM device A. 
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This chapter is divided as follows: section 6.2 gives a brief description of the 
mode-locked laser fundamentals. The experimental results obtained from the 
IWQW and MWQW devices are presented in section 6.3. This includes the 
light-current (IA) characteristics of the laser operation with varying reverse 
bias field applied to the absorber section, and the results obtained using the 
electric-field auto correlation technique. Results obtained in the previous 
section are discussed in detail in section 6.4, followed by conclusions in section 
6.5. Finally the references are included in section 6.6. 
6.2 Mode-locked lasers 
In general terms, mode-locking can be defined as a technique of producing 
short pulses from a laser, with the following basic concept: the output of a laser 
device, under laser operation, consists of many individual wavelengths. These 
wavelengths (or modes) in general have no phase relationship and hence 
interfere randomly without a steady output. However, if these modes are 
'forced' to maintain a fixed-phase relationship, at this point a constructive 
interference occurs between all the laser modes, which results in a train of short 
pulses, with the repetition rate of the pulses given by the photon round trip time 
in the laser cavity. This process is defined as mode-locking [3]. Mode-locking 
can be achieved by three different techniques, which are active, passive and 
hybrid mode-locking. 
Active mode-locking is achieved by modulating the gain or loss in a laser 
resonator at a frequency equal to the inverse of the round trip time. This 
modulation ensures that each longitudinal mode is a sideband of its 
neighbouring mode and thus locks the phase of the modes. The passive mode-
locking technique requires no externally applied RF signal and the key 
component necessary for passive mode locking is a suitable saturable absorber 
with an optical absorption that decreases with increasing optical intensity. For 
passive mode-locked laser, the saturable absorber section is reversed biased, 
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and in this section the modes have to constructively interfere to form a pulse 
that saturates the loss thereby fixing the phase relationship between the modes. 
In a conventional passive mode-lock laser, a single pulse is generated in a laser 
cavity. The repetition rate f in an optical cavity of length L is given by the 
following expression: 
c /=-
2nL 
(6 .1 ) 
where, c is the speed of light (3*108ms·1), n is the refractive index (n=3 .6 for 
Ino.S3Gao.47As) and L is the cavity length of the laser. Using equation (6.1), the 
photon round trip time T is given by: 
T=~= 2nL 
f c 
Frequency's relationship with mode-spacing in, b'A., is given as: 
where A is the peak emission wavelength. 
Absorber section 
Figure 6. 1: Schematic side view of a CPM laser. 
(6.2 
6.3 
The CPM configuration of passive mode-locked lasers involves placing a 
saturable absorber section at the centre of the laser cavity, as shown in figure 
6.1 . Instead of having a single pulse passing through the saturable ab orber at 
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one time, CPM lasers utilise' the coherent interaction of two counter-
propagating pulses colliding in the saturable absorber, which is positioned in 
the centre of the laser cavity. 
The specific feature of the CPM laser with a saturable absorber at the centre of 
the laser diode is doubling of the pulse repetition frequency [4,5], which results 
in equation (6.1) becoming: 
C 
/CPM =-
nL 
(6.4) 
Employing multiple width wells in an active region increases gain bandwidth, 
for transform limited mode locked operation, this will provide a shorter optical 
pulse width, ..1 r, because for transform limited operation the pulse width is 
inversely proportional to, the gain bandwidth ..1 v, and is given by following 
expression [1]: 
1 Aroc-
Av 
(6.5) 
i.e. wider the gain bandwidth, narrower the pulse width obtained from a laser 
diode. 
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6.3 Experimental results 
6.3.1 CPM laser cleaving and mounting 
The CPM lasers from both InGaAs/InAlGaAs MWQW and IWQW material 
were made using standard micro fabrication techniques [6,7]. The total cavity 
length of each device was 800J.1.m with a 20J.1.m wide absorber located in the 
centre of the laser cavity. The expected repetition rate, in mode-locked 
condition, determined from equation (6.4) for this cavity design was around 
IOOGHz. 
After the fabrication of the CPM devices, they were then carefully cleaved. 
Accurate cleaving is very important for CPM devices because of the exact 
requirement of the saturable absorber section in the centre of the laser cavity. 
Hence, to facilitate the cleaving process, cleave marks at a period of 800J.1.m, 
were introduced to the p-contacts during photolithography (see Figure 6.2). 
The cleaving was then simply carried out by carefully aligning the scriber with 
one of the edges of the cleave marks. For a CW operation, the heat produced in 
the laser diode must be removed to prevent the device being damaged. Ilence, 
the laser was mounted on a gold-plated copper block, with p-contact side up, 
using Electrolube surface mount solder paste (SMSP) which included 63% tin, 
• 35% lead and 2% silver, and has a melting temperature at 183 C [8]. Excellent 
wetting characteristics and no solder balling of solder paste was likely to 
provide uniform distribution of the solder paste between the device and copper 
mount. Both the devices were wire bonded using 25J.1.m thick gold wire from 
the contact pads of the device to the gold-plated copper pads, as shown in 
figure 6.2. The wire bonding was carried out using a Kulicke & Sorra 4123 
wedge bonder. 
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Figure 6.2: Photographs shown above are as follows: (a) far view of the 
mounted device on a copper block (b) wire bonding arrangement of the device 
to copper pads (c) close-up of the CPM laser diode (d) scanning electron 
microscopy (SEM) image of the 3.5J..1.m wide ridge (e) SEM of the absorber 
section 
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6.3.2 CPM laser I-V and L-I characteristics 
After the devices were wire bonded, the electrical properties were tested using 
a Hewlett Packard 4145 semiconductor parameter analyser. Figure 6.3 shows 
the current-voltage (I-V) characteristics of both IWQW and MWQW PM 
lasers. The tum-on voltage for both devices was around 0.75V, which wa 
typical for InP based latticed matched diodes. The slope resistance of IWQW 
and MWQW devices was 280 and 360 respectively. 
30 (3) 30 (b) 
25 25 
.- .- 20 ~ 20 1 
-- 15 -- 15 .... .... 
= = f 10 ~ 10 
-= 8 u 
5 5 
0 0 
0 0.5 1 1.5 2 2.5 0 0.5 1.5 2 2. 
Voltage (V) Volta (V) 
Figure 6.3(a): IWQW forward biased Figure 6.3(b): MWQW forward 
diode characteristics. biased djode characteri tic . 
The isolation resistance between the gain and absorber sections of the PM 
devices was calculated from the voltage-current relationship in figure 6.4. The 
isolation resistance of the devices were measured to be 4.12kn and 4.91 ill for 
IWQW and MWQW devices respectively. Using a selective w t- tching 
technique, which etches the p+ doped contact layer, could further increa e th 
isolation resistance. However, this was not required as the isolation r i tance 
was high enough in both cases. The approximate straight line through the 
origin, for both IWQW and MWQW devices, suggested the contacts wer 
Ohmic. 
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Figure 6.4(a): IWQW !xV relation Figure 6.4(b): MWQW IxV relation 
between gain and absorber section. between gain and absorber section. 
After mounting the IWQW and MWQW devices on two separate copper 
blocks and wire bonding them, they were then installed in a temperature-
controlled heat-sink. The heat-sink set-up, as shown in figure 6.5 also included 
seven built-in probe pins from which electrical connections to the power 
supplies was made. 
Copper lock 
wi th wire bonded 
CPM laser 
Figure 6.5: Photographs of the heat-sink with built-in probe station and CPM 
device mounted on the heat-sink. 
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Figure 6.6 shows the CW L-I curves obtained from SOO ~m long JWQW and 
MWQW CPM devices. 
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Figure 6.6 L-I curves at varying bias range applied to the absorber section for 
(a) IWQW and (b) MWQW CPM devices. 
The L-I curves were obtained by varying the reverse bias applied to the 
saturable absorber section with the gain section forward biased with arne 
current level. The built-in field for both IWQW and MWQW CPM devices wa 
calculated at around 12.S1kVcm-1.The commonly known 'snap-on' fe ture 
related with lasers with a saturable absorber [9] in the laser cavity was al 0 
observed from the L-I curves of both IWQW and MWQW CPM lasers. rom 
figure 6.6, threshold current density Jib for IWQW and MWQW devices, at 
OkVcm-1, is 2.43kAcm-2 (6SmA) and 3.14kAcm-2 (S8mA), respectively. For 
both devices, the threshold current increased with reverse biased electric field 
applied to the absorber section. 
6.3.3 Characterising mode-locked operation of semiconductor 
lasers 
Conventional method of measuring the optical pulse width from semiconductor 
lasers is using intensity autocorrelation technique. From the early days of ultra 
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short optical pulse measurements, it has been known that transform limited 
pulse widths can be measured using an electric field (linear) autocorrelation 
technique [13]. In general, it has been previously observed that pulse width 
obtained from colliding pulse mode-locked semiconductor lasers were 
transform limited [11]. In addition, S. Bischoff et al. [12] reported of CPM 
lasers being approximately transform limited for short cavity lasers (I OOO~m) 
than long cavity (5000~m) lasers. As mentioned earlier in section 6.2, the pulse 
width is inversely proportional to the gain bandwidth. Although electric field 
autocorrelation technique will not provide information into the optical pulse 
being transform limited, it is however a useful means of comparing the 
performance of the MWQW and IWQW devices. This is because the technique 
provides an insight into how much of the gain bandwidth has been utilized 
during the CPM operation. 
Electric-field autocorrelation Technique 
The electric field autocorrelation perfornied on the CPM devices can be 
described as follows [13]: The light intensity from the CPM laser diode is split 
by the beam-splitter, where the signal is sent down to two mirrors. One of the 
mirrors is stationary (mirror Ml in figure 6.7) while the other mirror is 
moveable (M2) to provide a path difference between the two beams. The two 
beams are then reflected back and they interfere only at portions that overlap in 
time. The pulse width can be obtained by measuring the time delay over which 
the two pulses interfere. The signal obtained from the two-pulse interference is 
detected by a mercury cadmium telluride (HgCdTe) detector. The raw data, 
intensity versus delay time, is the interference pattern of the output of the laser 
and is termed the interferogram. This is the electric field autocorrelation. 
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Figure 6.7: The FTIR set-up for electric-field (linear) autocorrelation 
experiment. 
According to standard theory, the Weiner-Khinchine theorem, the ourier 
transform of the electric field autocorrelation gives the optical p trum. 
Usually the FTIR. spectrometer provides its output in the form f lh trum 
(the Fourier transform of the interferograrn) but for this experiment, with pul 
width being inversely proportional to the gain bandwidth, the interfi r gram 
were directly employed to measure the gain bandwidth employed by b th th 
MWQW and IWQW CPM devices. 
6.3.3.1 IWQW electric-field autocorrelation mea urements 
The electric field autocorrelation experiment was carried out for b th MW W 
and IWQW CPM devices in the Physics Department of Univ r ity of 
Strathclyde (Glasgow) using a FTIR spectrometer. 
The optical spectra (frequency domain) and electric field auto COIT lalion trac 
(time domain) in both non-mode-Iocked and mode-locked condition , for th 
800J.1.m long IWQW CPM laser diode are shown in figure 6.8. or the non-
mode-locked condition, the gain section of the laser diode was forward bia ed 
and absorbed section was left electrically floating. 
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The optical spectrum and the correlation trace obtained from non-mode-locked 
condition are shown in figure 6.8(a) and 6.8(b), respectively. For the non-
mode-locked condition, the mode-spacing between the longitudinal modes was 
measured at 0.41nm. In addition, from figure 6.8(b), using equation 6.3. the 
round trip time between the two peaks for an 800J.lm long InGaAslInAlGaAs 
laser is calculated to be 19.2ps. To achieve mode-locking, the gain and 
absorber sections were biased appropriately to produce mode-space doubling 
from standard mode-spacing of 0.41nm to O.83om, as shown in figure 6.8(d). 
However, the mode-space doubling feature is not clearly obvious from figure 
6.8(b), as it is varying between 0.83 and 0.41nm between the laser modes, 
signifYing the laser was not properly mode-locked. This was evident from the 
corresponding electric-field autocorrelation trace in figure 6.8(e). where 
although the spacing between the peaks has halved (compared to that observed 
in figure 6.8(b», the coherence between them is not steady. 
To measure the coherence time, t e, the peaks visibility of the interference 
fringes was plotted as a function of time for both non-mode-locked (figure 
6.8(c» and mode-locked (figure 6.8(t) conditions. The coherence time. which 
provides information on the time scale when the modes have a constant phase 
relationship between them [14], hence a laser is considered mode-locked if the 
coherence time is much longer than the round trip time of the cavity. The 
coherence time can be measured from figures 6.8 (c) and (f) at the time delay 
where the peak amplitude of the interference fringe at zero delay falls to lIe of 
its value [15]. For the non-mode-Iocked condition te =185ps (figure 6.8(c». 
and for the mode-locked condition (figure 6.8(t), 't'e =204ps is obtained. Since 
the coherence time between mode-locked and non-mode-locked conditions 
differed only by 19ps, this indicates that leaving the absorber section 
electrically floating makes the CPM laser in non-mode-Iocked condition, 
behave partially mode-locked. 
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mobility of electrons and holes are 5370cm2Ns and 150cm2Ns respectively 
[16]. Tessler and Eisenstein [17] reported that the carrier lifetime is a crucial 
factor in carrier distribution in quantum well lasers, where the carrier lifetime 
above threshold is short in comparison to the transport time of the carriers 
between the wells. The decrease in the carrier lifetime above threshold is 
because of an increase in the stimulated emission rate, which results in most of 
the holes being trapped near the p-side of the active region with fewer holes 
reaching the wells closer to the n-side. In addition, Piprek et al. [18] reported 
an increase in the Auger recombination losses with rising current above 
threshold, which consequently prevents uniform carrier distribution. 
The observations made in figure 6.12 for the MWQW laser provide the 
following considerations: Firstly, they explain that the location of the QWs in 
the active region in a MWQW structure is an important factor in the operation 
wavelength of the laser, where MWQW laser A was operating at a wavelength 
corresponding to the 7Anm QW located at the p-side of the active region. 
Secondly, they also provide an insight into the limitation of the number of 
wells, employed in a MQW structure, which will provide a uniform carrier 
distribution. The MWQW laser has 9 QWs in its active region, and from figure 
6.6, it can be observed that the contribution of the 6.7nm and 6.0nm QWs, to 
the laser gain, is proportionally lower in comparison to that of the 7Anm QWs. 
Lin et al. [19] and Hamp et al. [20] reported that the proportion of gain 
contribution from wells away from the p-side of the active region decreases 
with the increasing number of wells in the active region. Since the number of 
QWs employed in the MWQW structure is a third greater than that employed 
in the IWQW structure, the non-uniformity of carriers is likely to be stronger in 
the MWQW structure. Hence, it is important to optimise the number ofQWs in 
the MWQW structure such that all wells in the active region contribute in the 
laser operation. The MWQW device C (with six quantum wells in its active 
region) showed that above 1.7 times above threshold, a wide optical spectrum 
is obtained where the laser is operating inhomogeneously (see Chapter 4 figure 
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4.18, section 4.4.4.3). From the past work on MWQW structures [21-23], as 
well as wide optical spectrum obtained for the MWQW device C, it would be 
advantageous to have six or fewer number of wells in the active region. In 
addition, in order to obtain a wide optical spectrum with multiple width 
quantum wells in the active region, uniform carrier distribution is required. 
Following is an example of a MWQW structure recommended to improve the 
carrier distribution: 
p 
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Figure 6.13: Schematic of a MWQW structure for uniform carrier distribution. 
As shown above in figure 6.13, a MWQW structure can be designed such that 
narrower QW with shallower band offset discontinuity is located near the p-
side of the active region and wider QW with deeper band offset discontinuity is 
located on the n-side of the active region. The design is recommended for the 
following reasons: 
Since the narrow QW have higher density of state (hence higher transparency 
current density as mentioned in chapter 2, section 2.4.4) in comparison to the 
wide QW, and that the carrier concentration decreases away from the p-side of 
the active region [19, 20], having a narrow well on the p-side may improve its 
probability of carrier capture because the carrier distribution is dominated by 
the holes, which are injected from the p-side of the active region. And since 
the recommended structure has a shallow quantum well on the p-side of the 
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active region, the holes can be thermally activated to the wide quantum well on 
the n-side that requires a relatively fewer number of carriers to reach the 
transparency than narrow quantum well. This way the carriers are more likely 
to be uniformly distributed across the active region of a MWQW structure. 
However, as reported in some literature [17, 24, 25], it is also likely that 
electrons are not evenly distributed across the active region, due to coulomb 
attraction between electrons and holes, which make the electrons follow the 
hole concentration profile and pile up near the p-side of the active region. 
Hence, with the aim of improving the hole distribution by designing the active 
region structure mentioned above, the electrons will also be guided to distribute 
evenly across the active region and consequently improve the overall device 
performance. A structure, similar to that recommended in figure 6.13, has in 
recent years been experimentally shown by C-F Lin et al. to provide a much 
wider spectral bandwidth (-300nm) in comparison to the two other MWQW 
structures investigated by them [26]. This structure was then employed by their 
group in obtaining an extremely wide tunable laser of range 240nm in 
InGaAsPlInP material system covering from 1300-1540nm [21]. 
6.5 Conclusions 
First successful CPM operation (to authors knowledge) of lasers made from 
MWQW material was achieved. However, for the CPM operation of the 
MWQW laser, the gain bandwidth utilized for the mode-locked operation only 
. broadened by 7% in comparison to the IWQW device. This was because of the 
strong non-uniform carrier distribution in the active region of the MWQW 
laser, which was verified experimentally from the optical spectra of MWQW 
broad area laser A at different current injections where all the multiple width 
wells were not pumped uniformly. The result obtained from the MWQW CPM 
device hence concludes that the structure employed to carry out mode-locked 
operation was not suitable for providing broader gain bandwidth laser 
operation in comparison to the IWQW laser. Hence, for the mode-locked 
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operation. the active region of the MWQW structure is required to be re-
designed such that the carriers are uniformly distributed in all QWs, which will 
facilitate in providing an equal proportion of gain contribution from all the 
multiple width quantum wells in the active region. The recommended MWQW 
structure in this chapter has previously been reported to show a significant 
improvement in the carrier distribution in InGaAsPlInP material system. 
However, experimental analysis will be required to corroborate the carrier 
distribution in the recommended MWQW structure in InGaAslInAIGaAs 
material system. 
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Conclusions 
This chapter will review the main conclusions of the work described in this 
thesis and suggest the areas for future work. 
7.1 Review of the work presented in this thesis 
The aim of this project was to investigate InGaAslInAlGaAs quantum well 
(QW) material and more specifically to broaden the gain spectrum (in 
comparison to conventional identical width quantum well (IWQW) material) 
and to achieve mode-locking using multiple width quantum well (MWQW) 
colliding pulse mode-locked (CPM) laser diode, and compare the pulse width 
with the IWQW CPM device. The most significant achievements in this 
research are as follows: 
• Successful design of the multi-quantum well (MQW) structures with 
quantum wells of different widths in the active region. 
• Gain spectra broadening achieved, where MWQW devices A, B and C 
provided a broader gain spectrum in comparison to conventional 
IWQW device. 
• Internal optical loss measurements carried out in InGaAslInAlGaAs 
material system. for both IWQW and MWQW devices. 
• Spectral absorption measurements carried out in devices IWQW and 
MWQW device C, using the multi-section device. 
• The first successful demonstration (to authors knowledge) of CPM 
operation in MWQW material. 
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A summary of conclusions obtained from the previous SIX chapters are 
presented as follows: 
The overall perspective of this project was presented in Chapter 1, including 
the aims and objective as well as the layout of this thesis. 
Chapter 2 of the thesis presented a literature review of the broad-spectrum 
semiconductor lasers. The chapter included methods of obtaining broad gain 
spectrum as well as literature review on carrier non-uniformity across the 
active region of a MQW structure. 
In this work, the first step taken in development of broad gain spectrum lasers 
was to employ MWQW in the active region. The material structures, three 
MWQW and one IWQW, grown for this project were described in Chapter 3. 
Here, all four wafers were characterised by carrying out photoluminescence 
(PL) experiment and fabrication of broad area lasers. From the PL spectrum of 
all the four wafers it was found that the full width half maximum (FWHM) 
obtained at 300K for MWQW devices A, B and C were 2.5,2.5 and 3.5 times 
broader in comparison to IWQW device. For mirror structures A and n, the 
FWHM: was almost same because in the PL experiment all QWs are pumped 
evenly regardless ofQWs location in the active region. 
Gain measurements were presented in Chapter 4. The results obtained from 
spectral gain measurements showed that MWQW devices in comparison to 
IWQW device, provided broader gain spectrum where, at 2.5 times above zero 
net modal gain current density, devices A, B and C provided 35, 4%, and 250% 
broader gain spectrum in comparison to IWQW device. From the mirror 
structures A and B, it was found out that FWHM obtained from device A was 
22% broader in comparison to device B. This finding was understood by 
location of QWs in the active region affecting the material gain. To validate the 
experimentally obtained spectral gain plots, the data was compared with a 
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many-body gain model designed by Keating et al. [1]. It was found that gain 
data obtained for IWQW device and MWQW device B approximately fitted 
the theoretical gain mode~ hence justifying the validity of the multi-section 
device technique. 
Since the broadband characteristics are highly desirable for optical amplifiers 
in telecommunications, the InGaAsIInAlGaAs MWQW structure may be 
considered as an attractive tool for usage as a semiconductor optical amplifier. 
1460 
S band C band L band 
1530 1560 
"I MWQW(A) 
JWQW 
]625 
Wavelength (nm) 
Figure 7.1: The SCL band-diagram, 
with approximate region covered by 
both MWQW (A) and IWQW devices. 
Figure 7.1 shows the SCL band diagram, including the approximate bandwidth 
covered by MWQW (A) and IWQW devices. It can be observed that MWQW 
(device A) covers around 35% broader S and L regions (in total), in 
comparison to the IWQW device. The MWQW device A is operational in the 
region between 1510-161 Onm, whereas the IWQW device covers region 
between 1525-1590nm. The spectral width obtained from a MWQW structure 
can be further broadened by: optimising the barrier width and height to 
improve the carrier distribution, which consequently should broaden the gain 
spectrum; investigating MWQW structure in employing varying width QWs 
(>3) in the active region. 
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The internal optical loss and speCtral absorption measurements were presented 
in Chapter 5 for both IWQW and MWQW devices. The internal optical loss of 
2lcm-1 was obtained for IWQW material. This in comparison to MWQW 
devices A and B was 7 and 3cm-1 less. In addition, IWQW internal optical 
losses were within 10% of the value obtained from theoretical losses calculated 
by Keating et al. [1]. The internal loss results were also comparable with that 
obtained by Issanchou and Barrau [2], and Whiteaway et al. [3] who obtained 
internal losses of27cm-1, in InGaAsIInAIGaAs MQW structure. 
The electro-absorption features of the MQW band-edge were also presented in 
Chapter 5 using the same multi-section technique employed to obtain internal 
optical loss and spectral gain measurements. From these measurements, it was 
found that, at electric-field of 100kVcm-I, MWQW (device C) in comparison 
to IWQW device provided a 2.5 times larger excitonic peak. In addition, 
quantum confined Franz-Keldysh (QCFK) effect was more obvious in case of 
. 
MWQW device where, broader exciton peak for MWQW device was obtained 
in comparison to IWQW device. At zero applied electric-field, absorption 
coefficient obtained from the TE and TM absorption was around 250 and 
200cm-1 respectively. 
Chapter 6 presented the first CPM operation using devices fabricated from 
spectrally broadened MWQW material. The results obtained from the electric 
field autocorrelation on both IWQW and MWQW CPM devices showed that 
MWQW device made use of only 7% broader gain bandwidth in comparison to 
the IWQW device. It was found from the broad area laser comparison between 
the MWQW and IWQW devices that the MWQW laser tends to operate at the 
wavelength corresponding to the wide 7.4nm well in its active region (located 
near the p-side), with almost no contribution from the narrow 6.7 and 6.0nm 
wells. Hence for the mode-locked operation, strong non-uniform carrier 
distribution across the active region of the MWQW laser resulted in it utilizing 
only 7% broader gain bandwidth in comparison to the IWQW CPM laser. 
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7.2 Future work 
The following work is recommended as a follow-up to this study: 
• Investigate InGaAslInAlGaAs MWQW material to produce broadly 
tunable lasers. 
• Analysing the barrier width and height in InGaAsllnAlGaAs MWQW 
structure, where past work has reported dependence of carrier 
uniformity on these two parameters [4,5]. 
• To study the recommended MWQW structure (in chapter 6) for carrier 
distribution in InGaAslInAlGaAs material and subsequently repeating 
the mode-locking experiment using this structure and carry out a 
comparison with the conventional IWQW laser. 
7.3 Overall conclusion 
To summarise, the gain broadening in InGaAslInAlGaAs QW material was 
achieved by inclusion of multiple width wells in the active region. First 
successful demonstration of mode-locking using MWQW material established 
the basics for further attempts of achieving mode-locking using spectrally 
broad gain material. Although the MWQW device provided 35% broader gain 
bandwidth in comparison to the IWQW device, the pulse width (assuming 
transform limited) obtained from the MWQW CPM laser shortened only by 
7%. It has nonetheless ensured a possibility of mode-locking the MWQW laser 
which, with the aid of improvement in the carrier distribution across the active 
region, can have a potential of obtaining a shorter optical pulse width in 
comparison to the IWQW laser. 
163 
Chapter 7 
7.4 References 
1. T. Keating, S. H. Park, 1. Minch, X. lin, and S. L. Chuang, " Optical 
gain measurements based on fundamental properties and comparison 
with many-body theory," Journal of Applied Physics, Vol. 86, No.6, 
pp2945-2952, September 1999. 
2. O. Issanchou and J. Barrau, "Theoretical comparison of 
GaInAs/GaAlInAs and GaInAslGaInAsP quantum-well lasers," Journal 
of Applied Physics, Vol. 78, No.6, pp3925-3930, September 1995. 
3. 1. E. A. Whiteaway, G. H. B. Thompson, P. D. Greene, R. W. Glew, 
"Logarithmic GainlCurrent-Density characteristic of 
InGaAs/InGaAlAsIInP multi-quantum-well separate-confinement-
heterostructure lasers," Electronics Letters, Vol. 27, No.4, pp340-342, 
February 1991. 
4. 1. F. Hazell, J. G. Simmons, J. D. Evans, and C. Blaauw, "The Effect of 
Varying Barrier Height on the Operational Characteristics of 1.3-J.1m 
Strained-Layer MQW lasers," IEEE Journal of Quantum Electronics, 
Vol. 34, No. 12, pp2358-2363, December 1998. 
5. M. Kucharcyk, M. S. Wartak, and P. Weetman, "Theoretical modeling 
of multiple quantum well lasers with tunneling injection and tunneling 
transport between the quantum wells," Journal of applied physics, Vol. 
86, No.6, pp3218-3228, September 1999. 
164 
Appendix 1 
Carrier distribution in MWQW active region 
Carrier distribution across the active region of a MWQW structure can be 
described as follows: 
Assuming highly mobile electrons redistribute themselves across the active 
region uniformly and holes are preferentially occupied in the QW closest to the 
p-side of the active region, carrier distribution across the active region of a 
MWQW structure can be explained by using an example obtained from 
reference 1,2 of a MWQW structure with two QWs, as illustrated in figure 1. 
Energy 
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Figure 1: Schematic of a MWQW structure with two different 
quantum wells widths x and y. Variables n and A denotes the 
subband level and emission wavelength respectively. 
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Briefly, carriers are injected through n and p contacts, as illustrated in figure 1. 
These carriers are transported along the optical confinement region before 
being distributed across a MQW structure and contributing to the optical gain. 
In the example shown above (figure I), the wider QW (QWl), with width= x, 
is near the p-side of the active region and narrower QW (QW2), with width= y, 
is near the n-side. QWI emission wavelength is longer in comparison to QW2. 
Assuming both QW s are pumped homogeneously by electrons, following set of 
rate equations describes the carrier distribution across the MWQW structure 
shown in figure I: 
Carrier density rate equation, for holes in QWI is given by the following 
expression: 
dn) _ (1-J2)J -J)-+2(n),n2) -GA:( )pA: 
--- ) n1 dt e* x 
(1) 
-Gl~(nl)P~ -~ 
Tn) 
Similarly, carrier density rate equation for holes In QW2 IS given usmg 
following equation: 
(2) 
In the rate equations I and 2, n) and n] are the holes carrier concentration in 
QWI and QW2 respectively. J2 is the hole-current density injected in QW2 
directly from total injection of J. Hole-current density from QWI to QW2 is 
given by J).;z. ~% is the emission wavelength of QWI which is dependent on 
well width x, similarly, ~ is the emission wavelengths corresponding to QW2 
with width y. QWI however also have an emission state corresponding to 
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emission wavelength from QW2, this emission wavelength is defined as ~. 
The recombination lifetimes in QWI and QW2 are given by rIft 
and r respectively. R, 
The photon densities pAt and pA2'" for the MWQW structure shown in figure 
2.4, are given by the following equations: 
drnAi Ai r 1'" 1'" 1'" n P 
__ = G"1 (n )P'" +~'" _I --
dt 1 1 1 A1 Tn T 1 
(3) 
In addition, for QW2 photon density is given by: 
(4) 
Here, rAt and r~ are the lifetimes of photons corresponding to emission 
wavelengths A, and ~ respectively. ~)J4, ~/; and ~~ are the spontaneous 
emission factor contributing into the laser operation mode. The optical gain 
coefficients for ~ are referred by GJJ4 (n) and G~ (n2) where, G/4 (~) is gain 
contribution from QWI for ~ and G~ (n2 ) denotes the gain contribution from 
~ QW2 for ~. For A, optical gain coefficient is referred by G) (~). An 
example of gain contribution from QWI for ~, is given below: 
(5) 
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where r;t; is the optical confinement factor of ~ wavelength, c is the speed of 
light, gl~ is the material gain contribution to ~ and r~ is the refractive index 
of A2 in QWI. 
Hence, above equations have shown that the distribution of carriers in a 
MWQW structure is not uniform where the gain contribution across the 
structure varies depending on the QW location and its width. 
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Appendix 2 
Wafer A- Wafer Characterisation results 
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Figure 1: L-J characteristics of 80J.lll1 wide MWQW (Wafer 
A2) broad area lasers for four different cavity lengths. 
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Using figures 1,2 and 3, calculated values for wafer A2 are as follows: 
TJint =16.9% 
aj= 1O.67cm-1 
Jao =778Acm -2. 
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Internal optical loss measurements in InGaAsl lnAlGaAs 
quantum well lasers centred around 1550nm 
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Abstract: A multi-section device technique is employed to carry out internal optical loss 
measurements in two types of InGaAs/IoAlGaAs quantum well structures. One structure 
consists of conventional identical width quantum wells and the other, a broader spectral width 
material, consists of multiple width quantum wells in the active region. The temperature 
dependence of the internal optical Josses is also investigated for both structures. 
Index Terms: Optical losses, intrinsic loss, semiconductor quantum wells. 
I. INTRODUCTION 
The accurate measurement of the internal optical loss, a;, of quantum well 
semiconductor material is important for understanding the performance of laser 
-diodes. Minimising the waveguide losses is important in ensuring low 
threshold gain and hence low threshold current density for laser operation. The 
internal optical losses are mostly accounted for by the free carrier absorption in 
the cladding layer and scattering at heterostructure interfaces [1]. Multiple 
width quantum wen (MWQW) material (also referred to as asymmetric wells 
structure) has been employed for broad-spectrum operation [2] and here we 
compare the internal loss of conventional identical width quantum well 
(IWQW) material with MWQW material. We also measured the temperature 
dependent internal loss because this is important for high power CW operation. 
The conventional method of determining al is by measuring the external 
quantum efficiency of the broad area lasers of different cavity lengths. This 
protocol however, does not take into account the variation of threshold current 
density with device length. Piprek et al. [3] reported on the internal quantum 
efficiency being affected by the cavity length, and since internal losses are 
related to internal efficiency, it is likely that internal losses may vary with 
current injection. Another method to obtain the value of a; is by determining 
the transparency level at a given current density by finding the intersection of 
the gain curves in both the TE and TM gain spectra. under the assumption that 
the TE and TM optical gain is equal only for conditions when material gain is 
zero [4]. However, the optical losses obtained with this approach may not be 
entirely reliable because of noise near the gain tail due to low signal to noise 
intensity and losses being polarisation dependent for a certain range of 
wavelengths. In this article, we employ a multi-section device technique [5] to 
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carry out internal optical loss measurements in two types of InGaAslInAlGaAs 
structure, a technique which has been employed to carry out the optical loss 
measurements in various other material systems [6-8]. 
ll.WAFERSTRUCTURES 
The two structures we employed for the optical loss measurements are as 
follows: The wafers were grown on n-doped InP substrate by MOVPE at the 
ill-~ semiconductor facili~ at Sheffield University. Both wafers consist of 
heavily p-doped (5xlO18cm ) InGaAs contact layers; p-doped (5xI01'cm-3) and 
n-doped (5xI01'cm-3) InP cladding layers and un-doped InAlGaAs waveguide 
core, with the active region placed at the centre of the core. The active region 
of the IWQW wafers consists of six lattice matched lno.52Gao.4'As quantum 
wells of width 6.7nm with 9run wide InAlGaAs barriers. For the MWQW 
wafer structure, the active region includes (from the p-side of the cladding 
layer) three 6nm, three 6.7nm and three 7.4nm lattice matched wells separated 
by 9nm wide InAlGaAs barriers. For more details on the wafer structures see 
[9]. 
ill. EXPERIMENTAL PROCEDURE AND RESULTS 
Figure 1 shows the schematic of the multi-section broad area device employed 
to carry out the optical loss measurements. The device is 860j.1m in length, with 
a 50Jlm waveguide width. The device contact has four sections each of length 
200Jlm separated by isolation gaps of 20Jlm. The InGaAs contact layer is 
removed in the isolation gap in order to improve the electrical isolation 
between the sections. It is assumed that the optical loss introduced by the 
isolation gap is negligible since there will be approximately 5-lOJlffi current 
spreading between each section of the device. A resistance of 3500 is 
measured between each section; the contact resistance for each section is 20, 
and simple circuit theory indicates a current confinement to each section of 
around 99.4%. The device is cleaved along the end of section 1, to form the 
output facet of the device. 
Scribed 
50~~~m~====~~~==::-~~y&~~====;~ ____ ~~~ 
Section 4 Section 3 Section 2 Section 1 
output 
Figure 1 Cross-section image of the multi-section device. 
The technique for obtaining the optical loss measurement involves pumping 
each of the device sections individually in sequence, with current density J, 
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thus increasing the passive length of the device. For our experiment, we 
employed sections 1 and 2 of the device. The remaining two sections of the 
device were left unbiased throughout this experiment and the facet end of 
section 4 was only scribed through the waveguide, not cleaved, in order to 
minimise any loss (gain) alteration through optical feedback effects, hence 
allowing measurement of the amplified spontaneous emission (AS E) for a 
single pass along the active length of the device. An Advantest spectrum 
analyser was used throughout the spectral loss measurement experiment to 
collect light emitted from the device output. The first task involves obtaining a 
reference spectrum lref, identical for all sections provided that they are pumped 
with the same current density. The reference spectrum lref is obtained by 
pumping section 1 with current density JI=J and section 2 with J2=O. This 
action is followed by pumping only section 2 of the device with current density 
J2=J, and leaving section 1 unbiased and obtaining intensity spectrum Ia. Using 
this method, the optical losses experienced by light intensity produced from 
pumping section 2 over a range of wavelength A., which travels down the 
waveguide to the edge of the sample, is given by the following relation: 
a(A) = -.!In( Ia(A») (I) 
L Iref(A) 
where L is the optical path length measured fro~ the pumped section to the 
sample edge. 
Identical width quantum wells loss measurements: First, the internal optical 
loss measurements are carried out using the IWQW device. The lref and Ia 
spectra, for the TE and TM mode, collected from the edge of the device are 
shown in figure 2(a). The emission spectrum from section 2 (Ia), which is 
transmitted through section 1, shows a significant reduction in output intensity 
due to optical losses experienced within section 1. Figure 2(b) shows the TE 
and TM optical loss spectra, calculated using the raw data (ASE spectra) 
shown in Figure 2(a) with equation 1. 
Observations made from the optical loss spectra (figure 2(b» are as follows: 
The strong optical mode loss at shorter wavelengths consists of modal 
absorption due to interband transition. At shorter wavelengths, optical losses 
are polarisation dependent, where the TE and TM mode experiences different 
optical losses over a certain range of wavelengths. At wavelength region below 
1575nm, the TE mode experiences far greater optical losses in comparison to 
the TM mode, for example at 1560nm wavelength, the TE mode experience 
approximately 2.6 times higher losses in comparison to the TM mode. 
The value of <Xi is determined from the part of the optical loss spectra which is 
below the band edge (long wavelength region), where the losses are 
independent of the wavelength [6]. From figure 2(b), it can be seen that the 
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internal losses are polarisation independent at around 1610nm, where the value 
of the TM loss is equal to the TE loss. The value of a; obtained from figure 
2(b) is 21± 2cm-I for both the TE and TM mode. The inset in figure 2(b) shows 
the TE loss spectra for the optical path lengths of 200llm and 400J.1lD. It can be 
seen that the TE internal loss spectra are approximately identical for both 
lengths of the multi-section device, hence ensuring the losses are accurately 
calculated with increasing passive length of the device. 
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Figure 2: IWQW (a) Amplified Spontaneous Emission spectra; the raw data used to calculate 
the optical loss and (b) spectral TE and 1M internal optical losses. 
The value of a; obtained for our IWQW device, using the multi-section device 
technique, is in good agreement with the other groups. For example, Keating et 
al. [4], who studied an InAlGaAs latticed-matched IWQW structure with five 
QWs centred around 1550run, obtained internal losses of around 23±2 em-I . In 
addition, Whiteaway et al. [10] obtained internal losses of 27cm-I, in 
InGaAslInAlGaAs IWQW structure, which are around 6cm-I higher than the 
losses obtained for our iWQw structure. Compared to phosphorus quaternary 
material, the losses obtained for our IWQW aluminium quaternary structure are 
around 4cm-1 higher. Where for an InGaAslInGaAsP structure with four QWs, 
centred around 1550nm, M. Rosenzweig et al. obtained an internal optical loss 
value of 17cm-1 [11]. 
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Multiple width quantum wells loss measurements: The internal loss 
measurements were similarly repeated for the MWQW device. The ASE and 
the internal optical loss spectra are shown in figure 3 (a) and (b), respectively. 
From figure 3(b), the value of aj measured is 24±2 cm-I, which is 3cm-1 higher 
in comparison to that obtained for the IWQW structure. Similar to the IWQW 
device, the inset shown in figure 3(b) for the MWQW device shows that the TE 
optical loss spectra is approximately identical for two different optical path 
lengths of the device. 
The major differences in the loss spectra of the IWQW and MWQW devices 
are as follows: Below the band edge, the value of at for the MWQW structure, 
in comparison to the IWQW structure is 3cm-1 higher. Although this small 
difference in optical losses between the two structures is around the margin of 
error, any increase in the losses observed for the MWQW structure is likely 
because of the three extra quantum well layers in its active region which may 
lead to an increase in the scattering losses at their interfaces. The absorption 
edge shifts to a longer wavelength for the MWQW structure in comparison to 
the IWQW structure. For example, the TE internal loss of IOOcm-1 for the 
MWQW and IWQW structures is obtained at wavelengths 1575 and 1556nm, 
respectively. 
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Figure 3: MWQW (a) Amplified Spontaneous Emission spectra; the raw data used to caJcuJate 
the optical loss and (b) spectral TE and TM internal optical losses. 
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Figure 4 shows the TE internal losses versus heat sink temperature for both the 
IWQW and MWQW structures. These measurements were carried out at a 
constant current injection for both the devices. It can be seen that the internal 
losses increase with temperature. The increase in the internal losses with 
temperature is related to an increase in the free carrier absorption, and 
penetration of light in the inactive region of the structure [12]. In addition, the 
bandgap is known to reduce with increasing temperature, which may lead to an 
increase in the optical mode absorption by the quantum wells [13] . 
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Figure 4: Optical losses at 1630nm (below the band edge) for (a) rWQw and (b) MWQW 
devices. 
IV. CONCLUSIONS 
In conclusion, using a multi-section device technique, we have carried out 
internal optical loss measurements in both IWQW and MWQW 
InGaAs/lnAJGaAs semiconductor materials. The results we obtained using this 
relatively simple technique are in approximate agreement with other groups. 
The small increase in internal loss obtained for our MWQW structure, in 
comparison to the IWQW structure, showed that the internal optical loss does 
not show a significant increase by inclusion of multiple width wells in its 
active region. Moreover, both IWQW and MWQW structures showed losses 
being temperature dependent below the band edge. 
ACKNOWLEDGMENTS 
We gratefully acknowledge the Engineering and Physical Science Research 
Council (EPSRC) for financial support and for a studentship for M Jain. 
175 
· REFERENCES 
1. G. P. Agrawal, and N. K. Dutta, "Long-Wavelength Semiconductor 
Lasers," Van Nostrand Reinhold ElectricaVComputer Science and 
Engineering Series, New York, 1986. 
2. Krauss, G. Hondromitros, B. Vogele and R. M. De La Rue, "Broad spectral 
bandwidth semiconductor lasers," Electronics Letters, Vol. 33, No. 13, 
1997. 
3. 1. Piprek, P. Abraham, and 1. E. Bowers, "Cavity Lengths Effects on 
Internal Loss and Quantum Efficiency of Multiquantum-Well lasers," IEEE 
Journal of Selected Topics in Quantum Electronics, Vol. 5, No.3, pp643-
647, May/June 1999. 
4. T. Keating, S. H. Park, 1. Minch, X. Jin, and S. L. Chuang, " Optical gain 
measurements based on fundamental properties and comparison with 
many-body theory," Journal of Applied Physics, Vol. 86, No.6, pp2945-
2952, September 1999. 
5. 1. D. Thomson, H. D. Summers, P. 1. Hulyer, P. M. Smowton and P. Blood, 
"Determination of single-pass optical gain and internal loss using a 
multisection device", Appl. Physics Lett, Vol. 75, pp. 2527-2529, Oct. 
1999. 
6. P. M. Smowton, 1. D. Thomson, M. Y. Susan, V. Dewar, P. Blood, A. C. 
Bryce, J. H. Marsh, C. 1. Hamilton, and C.C. Button, "The Effect of 
Cladding Layer Thickness on Large Optical Cavity 650-nm Lasers," IEEE 
Journal of Quantum Electroncs, Vol. 38, No.3, pp285-290, March 2002. 
7. M. Rochat, M. Beck, J. Faist, U. Oesterle, "Measurement of far-infrared 
waveguide loss using a multi section single-pass technique," Applied 
Physics Letters, Vol. 78, No. 14, ppI967-1969, April 2001. 
8. H. D. Summers, P. M. Smowton, P. Blood, M. Dineen, R. M. Perks, D. P. 
Bour, M. Kneissel, "Spatially and spectrally resolved measurement of 
optical loss in InGaN laser structure," Journal of Crystal Growth, pp517-
521,2001. 
9. M. Jain, "An investigation of broad gain spectrum InGaAs/InAJGaAs 
quantum well lasers latticed matched to loP," PhD. Thesis, September 
2002. 
10. 1. E. A. Whiteaway, G. H. B. Thompson, P. D. Greene, R. W. Glew, 
"Logarithmic Gain/Current-Density characteristic of 
InGaAslInGaAlAs/IoP multi-quantum-well separate-confinement-
heterostructure lasers," Electronics Letters, Vol. 27, No.4, pp340-342, 
February 1991. 
11. M. Rosenzweig, M. Mohrle, H. DOser, and H. Venghaus, "Threshold-
Current Analysis of InGaAs-InGaAsP Multiquantum. Well Separate-
Confinement Lasers," IEEE Journal of Quantum Electronics, Vol. 27, No. 
6, ppI804-1811, June 1991. 
12. G. Lasher and F. Stern, "Spontaneous and stimulated Recombination 
Radiation in Semiconductors," Physical Review, Vol. 133, No. 2A, 
ppA553-A563, January 1964. 
176 
13. D. A. Ackerman, G. E. Sbtengel, M. S. Hybertsen, P. A. Morton, R. F. 
Kazarinov, T. Tanbun-Ek and R. A. Logan, "Analysis of Gain in 
Determining To in 1.3 J.llll Semiconductor Lasers," IEEE Journal of Selected 
Topics in Quantum Electronics, Vol. I, No.2, pp250-263, June 1995. 
Authors J affiliations: 
M. Jain, and C. N. Ironside 
(Department of Electronics and Electrical Engineering, University of Glasgow 
Glasgow G 12 8L T, Scotland, UK.) 
e-mail: mjain@elec.gla.ac.uk 
177 
